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Abstract 
 
Field asymmetric waveform ion mobility spectrometry (FAIMS) is a gas phase 
atmospheric pressure separation technique that exploits the difference in the mobility of 
ions in alternating low and high electric fields as they are carried between two electrodes. 
In this thesis, a miniaturised FAIMS separation step has been applied to increase 
selectivity, enhance sensitivity and improve the quality of mass spectral data for rapid, 
high-throughput protein and peptide analysis.  
 
In Chapter 2, charge state separations were used to generate pseudo-peptide mass 
fingerprint data by FAIMS-MS, permitting confident protein identification using ESI 
sample introduction as an alternative to MALDI-TOF-MS methods. In addition, pre-cursor 
ions were targeted prior to MS/MS analysis. Chapter 3 describes the analysis of intact 
proteins by miniaturised FAIMS-MS.  Multiple charge states of intact proteins were 
separated on the basis of differences in differential mobility. Higher charge states were 
found to be transmitted at similar CVs suggesting that the miniaturised FAIMS device was 
separating ions on the basis of 3D structure. In addition, multiple species could be 
observed at the same m/z suggesting the presence of different protein conformers. In 
Chapter 4, miniaturised FAIMS was used to select ions on the basis of differential 
mobility prior to in-source collision-induced dissociation CID, LC and ToF-MS analysis 
for qualitative and quantitative analysis of peptides mixtures. This was applied to the 
analysis of co-eluting model peptides and tryptic peptides derived from human plasma 
proteins, allowing precursor ion selection and CID to yield product ion data suitable for 
peptide identification via database searching.   
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Glossary of Terms 
 
%RSD % Relative standard deviation 
AAG Alpha-1-acid glycoprotein 
ACN Acetonitrile 
AGC Automatic gain control 
C terminus The end of an amino acid chain terminated by a free carboxyl group. 
CCS Collision cross-section 
CID Collision induced dissociation  
CRM Charge residue model 
CV Compensation voltage 
Da Dalton  
DC Direct current 
DF Dispersion field 
DMS Differential mobility spectrometry 
DT Drift tube ion mobility spectrometry 
E/N Buffer gas density ratio  
ESI Electrospray ionisation 
ETD Electron-transfer dissociation 
FA Formic acid 
FAIMS  Field asymmetric waveform ion mobility spectrometry 
FISCID FAIMS ion selection collision indiced dissociation 
FT-ICR Fourier transform ion cyclotron resonance mass spectrometer 
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H/D Hydrogen/deuterium exchange 
HPLC High performance liquid chromatography 
HSA Human serum albumin 
IEM Ion evaporation model 
IM-MS Ion mobility-mass spectrometry 
IMS Ion mobility spectrometry 
LHRH Leutenising hormone releasing hormone 
LOD Limit of detection 
LOQ Limit of quantification 
m/z Mass to charge ratio 
MALDI Matrix assisted lazer desorption ionisation 
MCP Multichannel plate detector 
MeOH Methanol 
MS Mass spectrometry 
MS/MS Tandem mass spectrometry 
MSn Mass spectrometry to the nth 
N terminus The end of an amino acid chain with a free amine group 
NSI Nanoelectrospray ionisation 
PMF Peptide mass fingerprint 
Q Quadrupole 
R group A chemical group attached to the backbone of a molecule 
RF Radio frequency 
RT Retention time 
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S/N Signal to noise ratio 
SPE Solid phase extraction 
SRM Selected reaction monitoring 
Td Townsend 
TFA Trifluoroacetic acid 
TIC Total ion chromatogram 
ToF Time-of-flight mass spectrometer 
uHPLC Ultra high pressure liquid chromatography 
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Introduction 
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1.1  An introduction to mass spectrometry 
 
Writing the introduction to this thesis in 2012, it is apt to look back and reflect on the 
evolution of the technique of mass spectrometry in the century since the pioneering work 
on the separation of neon isotopes and the construction of the first mass spectrometer by 
J.J Thomson [1] and the subsequent development by A.J Demspter [2-4] and F.W. Aston 
[3, 4]. Mass spectrometry has undergone countless developments since then that have 
contributed to its evolution into one of the most important analytical techniques for the 
analysis of peptides and proteins. 
 
Mass spectrometry is a technique in which gaseous ions are separated according to their 
mass-to-charge ratio (m/z) before measuring the relative abundance of each ion. Five parts 
make up a working mass spectrometer with the main components being the ionisation 
source, a mass analyser and detector (Figure 1.1). Each of these components will be 
described in detail in the following sections. 
 
Sample 
introduction
Ionisation 
source
Gas phase ion 
production
Ionisation 
source
Ion sorting Mass spectrum 
output
Detector
Data 
collection
 
Figure 1.1 Simplified mass spectrometer schematic 
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 1.2  Ionisation techniques 
 
The process of ionisation is the production of gaseous phase ions of an analyte of interest. 
Whilst several methods of ionisation are in use, discussion in this thesis is limited to the 
principles of the ionisation sources employed during the author’s investigations. These are 
electrospray ionisation and nano electrospray ionisation which are discussed in sections 
1.2.1 and 1.2.2, respectively. 
 
1.2.1 Electrospray ionisation (ESI) 
 
 
Early ionisation methods, though efficient for the ionisation of volatile compounds, were 
limited when attempting to ionise larger, semi-volatile compounds such as biologically-
derived macromolecules. Electrospray ionization (ESI) was introduced as a source of gas 
phase ions by Dole in 1968 [5] and developed in the 1980s by Fenn et al. for the 
generation of gas-phase ions of large, hydrophilic molecules for mass spectral analysis [6, 
7].  As a ‘soft’ ionisation source it generates a protonated or metaliated ion from the intact 
molecule from which the molecular weight can be determined. Today, ESI-MS plays an 
essential role in the analysis of peptides, proteins and other large biomolecules [8, 9]. 
 
The ESI source operates at atmospheric pressure with analytes in solution passed through 
a narrow tube and subjected to a high electric potential voltage (1-5 kV). This causes 
charge accumulation on the surface of the liquid at the tip of the capillary, resulting in the 
formation of a phenomenon known as a Taylor cone [10].  The surface of the liquid 
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exiting the capillary is charged as a result, producing a fine aerosol of droplets.  Solvent 
from these droplets is evaporated by a flow of desolvation gas, usually nitrogen, resulting 
in a decreasing droplet diameter, which causes Coulombic repulsion between ions. At the 
point where Coulombic repulsion is equal to the surface tension of the liquid, known as 
the ‘Rayleigh limit’, the droplet breaks up to produce a series of smaller charged droplets 
[11]. This process of Coulombic fission is repeated until the ions are fully desolvated, 
producing protonated or cationised ions in the gas phase. A schematic diagram of the ESI 
process is shown in Figure 1.2. 
 
 
Figure 1.2 Electrospray ionisation schematic [12]. 
 
There are two theories proposed for the mechanism of ion desolvation, the charge residue 
model (CRM) and the ion evaporation model (IEM). The mechanisms are represented 
schematically in Figure 1.3.  
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Figure 1.3 Schematic of CRM and IEM mechanisms, adapted from [12]. 
 
The CRM was proposed by Dole [5] and suggests that after the Rayleigh limit is reached, 
the series of fissions and solvent evaporation is continuous until the droplet contains a 
single ion which is converted to a gas phase ion.  The IEM suggests that the increased 
charge density as a result of the initial fissions and solvent evaporation causes Coulombic 
repulsion, leading to ions overcoming the droplet surface tension, to be released as 
charged molecule [13, 14]. The exact mechanism is still under some debate.  
 
1.2.2 Nanospray ionisation (NSI) 
 
Low flow rate variations of ESI, termed nanospray ionisation (NSI), consisting of a metal 
coated capillary with a 1-20 µm tip have proved advantageous for biological analysis [15, 
16].  NSI is more tolerant to a wide range of solvent compositions, with an increased 
stability of spray when dealing with aqueous samples or samples containing lots of salts 
[17]. Greater sensitivity can be achieved when compared to conventional ESI. This is due 
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to the smaller size of droplets formed.  A larger effective surface area means fewer 
fissions and less solvent evaporation is required, facilitating desolvation and ionisation 
[18]. The rapid desolvation and the lower applied voltages mean the nanospray tip can be 
placed closer to the mass spectrometer orifice, allowing a greater percentage of ions 
formed to be transferred to the mass spectrometer and thus detected. A second advantage 
is low sample consumption, as a result of the reduced flow rates, important for obtaining 
replicate data on low volume samples.   
 
1.3   Mass Analysers 
 
Post source, ions are transferred through the mass spectrometer by a series of electrical 
potentials to the mass analyser region, where ions are separated according to m/z under 
vacuum. There are many different types of mass analyser available, however, for the work 
in this thesis a linear quadrupole ion trap and time-of-flight (ToF) analysers were used and 
so are described in detail in the following sections. 
 
1.3.1  Ion trap 
 
In order to understand the theory of an ion trap mass analyser, we must first discuss the 
concept of quadrupole mass spectrometers which use dynamic electrical fields to separate 
ions based upon their m/z ratios [19]; a concept introduced by Wolfgang Paul in the 1950s 
[20]. A quadrupole mass analyser is capable of analysing ions of masses up to a few 
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thousand Daltons [12]. Quadrupole mass analysers consist of four parallel rods which act 
as electrodes to generate the electric field used to separate ions. This electric field consists 
of superimposed RF and DC voltages applied to opposite pairs of rods. The voltage 
applied to the quadrupole rods alternates with time meaning alternating attraction to 
electrode pairs and therefore oscillation within the space between the rods. A schematic of 
the rods in a quadrupole mass analyser is shown in Figure 1.4. 
Superimposed 
positive RF and DC 
voltage applied to 
opposing rods
Superimposed negative 
RF and DC voltage 
applied to remaining 
opposing rods
Ion source
Detector
Superimposed RF and DC 
voltages applied to 
opposite pairs of rods
+
+
--
 
Figure 1.4 Schematic representation of a linear quadrupole modified from reference [12]. 
 
Quadrupole mass analysers rely on the stability of the trajectories in these oscillating 
electric fields to resolve ions on the basis of their m/z ratio.  Ion with trajectories that are 
deemed ‘stable’, oscillating within the confinements of the quadrupole rods, will traverse 
the distance of the rods and reach the detector. Ions with ‘unstable’ oscillations, greater 
than this space, will collide with an electrode and become neutralised [21]. The motion of 
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an ion under a specific quadrupole voltage has its fundamentals from Newton’s second 
law (Force = mass x acceleration) [22] but more specifically can be determined based 
upon the Mathieu equation [23] 
 
          
2
0
2
8
rm
zeU
aaa yxu

                Eqn. 1.1 
 
2
0
2
4
rm
zeV
qqq yxu

                                                 Eqn.1.2 
 
Where u represents the direction of travel towards an electrode and m is the mass of a 
charged ion (e), r0 is the quadrupole radius, U and V are the applied DC and RF voltages 
respectively and ω is the angular frequency of the RF. au and qu are parameters of stability 
in the DC potential and RF amplitude, respectively.  A stability diagram can be generated 
to determine which a and q values are required for an ion to be stable enough to be 
transmitted through the analyser and detected [22]. Figure 1.5 shows a segment of the 
Mathieu stability diagram for a linear quadrupole. The shaded area depicts the region in 
which an ion undergoes stable oscillations under the DC and RF conditions. Ions outside 
this region will collide with a rod and not be detected. Increasing the voltages along the 
‘operating line’, as shown in Figure 4, allows ions of increasing m/z to be detected. The 
point at which the operating line intersects the top apex (A) of the a, q stability region, 
ions of only one mass can be transmitted to the detector. 
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Figure 1.5 A stability diagram for a linear quadrupole mass analyser [22]. 
 
There are two types of quadrupole ion trap mass spectrometers: the linear ion trap and the 
3D ion trap. A linear ion trap has the same four rods as a quadrupole, with ions contained 
in the trap by the application of a confining potential at each end. As with linear 
quadrupoles, ions will have stable trajectories if the motion/oscillations of ions are 
confined within the field defining electrodes i.e. must not exceed r0 and z0. A 3D ion trap 
mass analyser is essentially a 3D quadrupole; the electrodes consist of a central circular 
ring electrode between two end-cap electrodes. Ions are introduced into the quadrupole 
and retained in stable trajectories by applying an RF potential to the ring electrode whilst 
the end cap electrodes are grounded or an RF voltage applied resulting in a 3D quadrupole 
where ions of different m/z ratios travel in complex stable trajectories as a result of the 
electric fields (Figure 1.6). 
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Figure 1.6 Figure of eight shaped ion trajectory in a 3D quadrupole ion trap [24] 
 
Ions are detected in a quadrupole mass analyser on the basis of mass-selected stability, but 
in an ion trap mass analyser ions are ejected by a mass-selected instability scan [25, 26]. 
An ion trap stability diagram for a 3D ion trap is shown in Figure 1.7.  
 
 
 
Figure 1.7 Typical stability diagram for a 3D quadrupole ion trap. [25] 
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The working point of an ion is defined by the az and qz value, dependant on the amplitude 
of the applied RF and DC voltages. The area next to the origin of the stability diagram, 
where the r and z stability regions overlap, defines the area in which both radial and axial 
(r and z) trajectories are stable and are therefore stored within the trap (shaded region). In 
the absence of an applied DC voltage, a is equal to zero and the working point of an ion 
lies on the q axis for both linear and 3D ion traps (Figure 1.7). High mass ions have low q 
values and low mass ions have higher q values (Equation 1.2). Ejection of ions on the 
basis of their mass-to-charge ratio is achieved by increasing the qz value to the point where 
ions become unstable (q = 0.908) and are ejected from the trap [27].  
 
Quadrupole ion trap mass spectrometers operate with a buffer gas, such as helium, which 
increases the instrument sensitivity and resolution by limiting ion motion, forcing ions into 
a narrow region in the centre of the trap [12, 28]. A function known as automatic gain 
control (AGC) addresses issues with the under or overloading of the trap with ions that 
could have negative impact on analysis [29]. Not filling the trap with enough ions will 
result in a loss in sensitivity whilst overloading the trap can cause a loss of resolution due 
to peak broadening as a result of a phenomenon known as ‘space-charging’ effects. This is 
where high levels of ions can result in repulsion meaning ions with the same m/z would 
have different working points on the stability diagram and therefore be ejected at different 
times. AGC works by performing a short pre-scan before the main scan to measure the 
number of ions entering the trap. The analytical scan ion entry time can therefore be 
calculated so that an overload of ions does not occur, preventing space charging effects. 
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1.3.2 Time-of-flight (ToF) 
 
A second mass analyser used in the experimental work in this thesis is the time-of-flight 
(ToF) mass analyser [30-34]. In a ToF mass analyser, pulses of ions are accelerated from 
the ion source by application of a voltage into a field free drift region (flight tube) where 
the ions are separated based on differences in their time of flight en route to a detector. 
Since all ions are subjected to the same accelerating voltage, each ion will have the same 
kinetic energy meaning the velocity of each ion will be directly related to its mass. Put 
simply, heavier ions will have a lower velocity than lighter ions and will therefore take 
longer to traverse the flight tube (termed flight time (t)).  The m/z ratio of an ion is 
calculated from the measured flight time [35]. The potential energy of an ion is equal to its 
kinetic energy, which can be calculated based on equation 1.3: 
2
2mv
zeVKE acc        Equation 1.3 
 
Where z is the charge residing upon the ion, e is the fundamental unit of charge (1.602 x 
10
-19
 C), Vacc is the accelerating voltage, v is velocity and m is the ion mass. The velocity 
of the ion in the flight tube can therefore be described by: 
 
 
m
zeV
v acc
2
                                      Equation 1.4 
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The velocity of an ion can also be calculated based on its flight time (t) and the length (d) 
of the flight tube: 
t
d
v               Equation 1.5 
 
The m/z ratio can then be calculated by further rearrangement of the equations and 
substituting for v: 
                                                     







eV
d
t
z
m
acc2
2
2
                                       Equation 1.6 
 
In practice, equation 1.7 is employed to determine m/z ratios from measured flight times: 
 
  m/z = at
2
 + b                                       Equation 1.7 
 
Where a and b are known values obtained from reference compounds of known molecular 
weight for a given set of instrument conditions. In theory, ToF spectrometers have an 
unlimited mass range. However, in reality very large ions do not hit the detector plate with 
enough energy to generate a large enough current to register so ToF mass analysers are 
usually limited to ions of approximately 300 kDa.  
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The major limitation of ToF mass analysers was poor resolution as a result of variation in 
the velocities of ions of the same m/z. This has been overcome by the introduction of an 
electrostatic reflector or reflectron (Figure 1.8), a series of rings or grids to which an 
increasing electrical potential is applied [36, 37].  
 
 
Figure 1.8 Schematic of a reflectron ToF-MS [12] 
 
The reflectron acts as a ‘mirror’ to reflect and focus ions of the same m/z. Ions with higher 
kinetic energies will arrive at the reflectron before those with a lower kinetic energy, but 
will penetrate further into the electrostatic field than the lower kinetic energy ions, 
compensating for the shorter flight time. This allows ions of the same m/z, but different 
kinetic energy, to arrive at the detector at the same time. The ToF mass analyser used in 
the studies in this thesis is a reflectron ToF mass analyser. 
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1.4 Detectors 
 
The final component of a mass spectrometer is the detector, which records the charge 
induced or current produced relative to the number of ions striking it, post m/z separation, 
which is then converted into a signal of m/z and ion intensity. The mass spectrometers 
employed during the research reported in this thesis contained either an electron multiplier 
or a multichannel plate detector and are described in the following sections.  
 
1.4.1 Electron Multipliers 
 
An electron multiplier uses a charged metal surface (electrode) to convert ions into several 
secondary particles (positive ions, negative ions, electrons and neutrals), in direct 
proportion to the incident ions. A positive high-potential for negative ion detection or 
negative high-potential for positive ion detection is applied to the conversion dynode. 
These secondary ions are then accelerated into the electron multiplier, a device that 
multiplies current in an electron beam, thus amplifying the signal. The amplification of 
current provided by an electron multiplier can be up to an order of 10
7
 depending on the 
nature (mass, charge and structure) and energy of detected ions [38].  
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1.4.2 Multichannel plates 
 
A multichannel plate (MCP) is made from several array plates consisting of parallel 
cylindrical channels coated with a semiconductor substance which emits secondary 
electrons on contact of incident ions to the channel [39]. The secondary electrons collide 
with the inner surface, resulting in more electrons - as in an electron multiplier. A MCP is 
the stacking of several of these plates to amplify signal to 10
8
. 
 
1.5   Peptide and protein analysis by mass spectrometry 
 
The development of soft ionisation sources such as ESI (see section 1.2.1) and MALDI 
[40, 41] made it possible to ionise peptides and proteins without destroying them. As a 
result, mass spectrometry has come to the forefront of peptide and protein analysis [42]. 
There are two fundamental approaches for protein analysis: ‘top down’ and ‘bottom up’ 
proteomics. The former uses MS to analyse intact proteins whereas the ‘bottom up’ 
approach involves the proteolytic digestion of proteins, or other biological samples, to 
produce smaller peptide fragments more suited to the mass range associated with mass 
spectral analysis. Both ‘top down’ and ‘bottom up’ proteomics have also employed 
tandem mass spectrometry (MS/MS) for protein and peptide sequencing, identifying the 
individual amino acids present in a given peptide or protein [43]. Both proteolytic 
digestion and MS/MS are integral to mass spectral analysis of proteins and are described 
in the following sections. Specific areas of peptide and protein analysis include protein 
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identification, protein structural analysis, quantification and peptide sequencing. Different 
ionisation sources and mass analysers are more suitable for each of these applications.  
This will be discussed more where applicable in later chapters.  
 
1.6   Enzymatic digestion 
 
Bottom-up proteomics requires enzymatic digestion of the target protein to fragment it 
into a predictable pattern of peptides that are highly specific to the protein. The resulting 
peptide sequences are used to identify the parent protein [44]. Protein digestion is carried 
out by an enzyme which cleaves proteins at specific amino acid residues. Trypsin is the 
enzyme most commonly used in proteomic analysis and was the enzyme used in the 
examples of proteolytic digestion in this thesis (Chapters 2 and 4). Trypsin is well-suited 
for this purpose as it has high specificity; it cleaves only the peptide bonds at the c-
terminal side chains of the basic amino acids lysine (K) and arginine (R), except when 
these are followed by a proline residue (Figure 1.9). As lysine and arginine are commonly 
found in proteins, the vast majority of proteolytic peptides produced by trypsin are less 
than 20 residues, approximately 2000 Da [44]. Protein identification is possible by 
comparing the masses of the intact peptide ions, known as a peptide mass fingerprint 
(PMF), with a predicted sequence based on the expected fragments associated with a 
particular protein and enzyme. 
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Arginine: RLysine: K Trypsin cleavage:  ⁭  
Figure 1.9 Simplified schematic representation of tryptic digestion. 
 
1.7   Fragmentation of proteins and peptides 
 
 
Gas-phase fragmentation of proteins and peptides is also used to provide sequence 
information [42]. Both ‘top down’ and ‘bottom up’ approaches can use MS/MS, the 
former fragmenting the intact protein to obtain sequence coverage or the latter 
fragmenting tryptic peptides to allow the structural elucidation from the fragmentation 
pattern of the precursor peptide ion. There are many methods for fragmenting peptides 
reported in the literature, but tandem mass spectrometry via collision induced dissociation 
(CID) and in-source CID are the two methods used in the experimental work in this thesis. 
 
 
1.7.1  Tandem Mass Spectrometry (MS/MS) 
 
 
MS/MS involves an initial separation of ions based on m/z, allowing a precursor ion to be 
selected. Next, the precursor ion is accelerated to cause collision with inert gas molecules 
to induce fragmentation before fragment ions are separated according to their m/z in a 
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second stage of mass analysis. This can be performed using two separate mass analysers, 
for initial precursor ion selection, and fragment ion mass analysis, separated by a collision 
cell, for example a triple quadrupole or a Q-TOF mass spectrometer. Alternatively, an 
instrument capable of trapping ions, such as a quadrupole ion trap mass spectrometer, can 
perform precursor ion selection, fragmentation and fragment ion mass analysis in a single 
mass analyser. 
 
 
1.7.2  Collision-induced dissociation (CID) 
 
 
The method of fragmentation of peptide ions used in this thesis is a process known as 
collision-induced dissociation (CID).  CID is a two step mechanism; collisional activation, 
where an ion is energised by the conversion of translational energy from collisions with a 
buffer gas into internal energy, followed by fragmentation by vibrational dissociation. In 
the quadruple ion trap mass analyser, an ion of a specific m/z is selected on the basis of its 
stability (see section 1.2.1), whilst all other ions are ejected from the trap. An RF voltage 
is applied to the end-caps, accelerating ions which gain an increase in kinetic energy.  This 
increases the number of collisions with the inert buffer gas (typically He, N2 or Ar) which 
converts the kinetic energy to internal energy [42]. Enough internal energy will result in 
ion instability (Equation 1.8);  
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Where Ecm is the internal energy of ion after collision with neutral, Elab is the energy in 
the laboratory frame of reference and mt and mp are the mass of target neutral and 
precursor ion, respectively. This internal energy will cause fragmentation of the ion due to 
bond breakage. The fragment ions are then mass analysed and separated based on their 
m/z. In a quadruole ion trap mass analyser, it is possible to repeat these stages of analysis, 
referred to as ‘MSn’, where n refers to the number of mass analysis stages [12]. 
 
1.7.3 In-source CID 
 
Traditional MS/MS analysis requires a mass analyser capable of pre-selecting parent ions 
on the basis of their m/z ratio.  An alternative means of fragmentation is via CID as a result 
of elevated interface voltages in the intermediate pressure region between an atmospheric 
pressure ion source and the vacuum of a mass analyser. These elevated voltages give the 
ions the kinetic energy needed to increase the energy of collisions with the gas molecules 
present in the ion optics region, before the vacuum region, resulting in bonds breaking in 
the same way as CID in MS/MS analysis. This technique is referred to as in-source CID or 
cone voltage fragmentation [45, 46]. 
 
1.7.4  Fragmentation of peptides 
 
Amino acids consist of a carbon attached to an R-group, specific to a particular amino 
acid, in between an amide (NH2) group on one end and a carbonyl (-C=O) group on the 
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other. The linkage of amino acids is achieved by a series of condensation reactions, i.e. the 
loss of water, between the carboxylic acid of one amino acid and the amino group of 
another to form a peptide/amide bond. Peptides consist of short chains of amino acids; the 
order of which is characteristic of a particular peptide or protein. MS/MS can be used to 
determine the exact amino acid sequence.  There are six possible ions formed from a 
fragmented peptide, as a result of cleavage at three different points across the amino acid. 
Each ion type is named based on the part of the molecule retained. ‘a’, ‘b’ and ‘c’ type 
ions contain the N-terminus of the peptide whereas the C-terminus is retained of the ‘x’, 
‘y’ and ‘z’ type ions [42, 47]. The specific naming of the peptide fragment is based on the 
exact location of the cleaved bond. The nomenclature was first proposed by Roepstorff 
and Fohlmann in 1984 [48] and is depicted in Figure 1.10. 
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Figure 1.10 Possible peptide fragmentation locations and nomenclature. 
 
The most common peptide fragmentation occurs across the amide bond of the peptide 
backbone to produce ‘b’ and ‘y’ ions. Additional fragment ions can be formed via the loss 
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of water, ammonia, carbon monoxide or other amino acid low mass ions.  A full list of 
possible peptide fragments can be found in Table 1.1. 
 
Table 1.1 Possible peptide fragments formed by CID [47]  
Ion Type Neutral Species M 
a [N]  +  [M]  -  CHO 
a* a  -  NH3 
ao a  -  H2O 
b [N]  + [M]  +  H 
b* b  -  NH3 
bo b  -  H2O 
c [N]  +  [M]  +  NH2 
x [C]  +  [M]  +  CO  -  H 
y [C]  + [M]  +  H 
y* y  -  NH3 
yo y  -  H2O 
z [C]  +  [M]  - NH2 
  
In addition, an internal fragment with just a single side chain formed by a combination of 
a type and y type cleavage is called an immonium ion. The distribution of fragmentation 
can be affected by the presence and location of certain amino acids in a peptide. For 
example, the position of basic amino acids such as arginine, histidine, lysine and proline 
can affect the formation of fragment ions as protonation occurs more readily at these sites. 
This means that a higher abundance of ‘b’ ions are formed when these basic residues are 
located towards the N-terminal of the peptide, whilst ‘y’ fragments are favoured when the 
basic residues are located closer to the C-terminal. Short peptide chains that contain no 
basic residues form equal quantities of b- and y-ions and longer peptides tend to favour the 
formation of b-ions [42]. 
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1.8  LC-MS 
 
Pre-separation is often required prior to MS analysis due to the complex nature of 
biological samples. Liquid chromatography is commonly combined with MS for high-
throughput analysis of peptides and proteins due to its high resolving power, robustness, 
high sample throughput and its easy hyphenation with ESI-MS [49]. This section will 
focus on reversed phase high performance liquid chromatography (HPLC) as it was the 
chromatography technique used in the work in this thesis. 
 
Reversed phase chromatography, based on the principle of hydrophobic interactions 
between analytes and stationary phase, uses a non-polar stationary phase, typically a 
straight chained alkyl group (e.g. C18H37), linked covalently to a spherical silica particle 
via a siloxane bond, typically 3-5 µm in size. An aqueous, moderately polar mobile phase, 
such as water combined with methanol or acetonitrile, is employed to separate analytes 
based on differences in hydrophobicity [50]. This results in the fast elution of polar 
molecules with an increased retention of less polar molecules. Increasing the organic 
solvent content decreases the affinity of the hydrophobic analyte for the hydrophobic 
stationary phase, decreasing retention time. The optimisation of organic solvent content is 
critical for ensuring maximum separation of peptide and proteins in a complex mixture 
prior to mass spectral analysis.  
 
In recent years, focus has turned on the development of a new technique known as ultra 
high performance liquid chromatography (UhPLC) [51]. UhPLC utilises smaller particle 
sizes (typically sub 2 µm) or superficially porous particles [52] to increase separation 
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efficiency. These differences in particle characteristics reduce analysis time and are 
capable of withstanding higher back pressures [53]. The hydrophobic interactions between 
stationary and mobile phase remain the same. It is UhPLC, using superficial porous 
particles, that has been used for the chromatographic separation of analytes combined with 
FAIMS and ToF-MS in this thesis. 
 
 
1.9   Ion mobility spectrometry 
 
 
Ion mobility spectrometry, originally described as plasma chromatography [54, 55], is a 
gas phase electrophoretic technique which separates ions on the basis of their relative 
mobilities in the presence of an electric field and a drift gas [56, 57]. The electric field 
accelerates ions, whilst collisions with the buffer gas decelerates them, leading to a 
constant drift velocity [58]. The presence of an electric field is the critical parameter; 
without it ions undergo spontaneous diffusion in no set direction [59]. The electric field 
causes the simultaneous movement of ions along an increased potential at a velocity 
dependent on an ion’s inherent ‘mobility’, a characteristic based on its ionic charge, 
collision cross-section (i.e., size and shape) and reduced mass [54, 55, 60, 61].  
Conventional drift tube ion mobility was not used in the work described in this thesis, but 
the fundamental concepts of ion mobility spectrometry under low field conditions are 
essential for understanding the molecular mechanisms of the separation under alternating 
low and high fields and so are discussed in the following sections. 
 
 
 35 
1.9.1 Fundamental principles of ion mobility spectrometry 
 
The movement of an ion in an electric field can be calculated using equation 1.9, where 
the ion drift velocity (Vd, m s
-1
) is equal to the product of the strength of the electric field 
(E, V cm
-1
) and the mobility (K, cm
2 
s
-1 
V
-1
) of an ion. 
 
 KEvd        `Equation 1.9 
 
Put simply, ions with a higher mobility are more mobile; that is, in a given electric field, 
they will move more quickly. The mobility co-efficient is calculated based on the Mason-
Schamp equation [62]; 
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Where e is the electronic charge (1.602 x 10
-19
 C) and z is the charge on the ion, N equals 
the number density of the drift gas, μ = (m xM)/(m+M), the reduced mass of the ion (m) 
and drift gas molecules (M), k is the Boltzmann constant (1.381 x 10
-23
 J K
-1
), T is the 
effective temperature of the drift gas and Ω is the average ionic collision cross-section (i.e. 
size and shape). In an atmospheric pressure drift tube, the cross-section of an ion is 
dependent on moisture and the drift gas associated with the molecule (Equation 1.11).  
 
Ω = MH+(H2O)n(N2)x    Equation 1.11 
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Ω may be approximated by a simple hard sphere collision model with a neutral buffer gas 
by an ion/neutral interaction model taking into account short range attractive forces [63]. 
Any changes to the experimental parameters will affect the mobility of an ion. Changes to 
the buffer gas number density will alter the ion velocity. Increased collisions will decrease 
velocity, with the extent of loss of velocity being dependent on the m/M ratio; the lower 
the reduced mass, the higher the mobility. The temperature of the buffer gas will also 
affect mobility. As a result, ion mobilities are usually expressed as reduced mobility (K0) 
which allowed the scaling of mobility to enable comparisons of IMS data by normalising 
K to standard the conditions of temperature (T in Kelvin) and pressure (P in Torr) of the 
buffer gas (Equation 1.12): 
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1.9.2 Field dependence of mobility 
 
Equation 1.9 defines mobility (K) as a constant, independent of the electric field strength. 
However, the relationship between mobility and electric field strength was recognised to 
only hold true at the low field limit [63] where the electric field strength to buffer gas 
density ratio (E/N) is less than or equal to 2 Townsend (Td), where 1 Td equals 10
-17
 V 
cm
2 
[59, 64]. At higher E/N values, the relationship between the gas phase mobility and 
electric field strength is no longer constant; it becomes field dependant as a function of the 
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E/N value. Increasing E results in a difference between the high field mobility (Kh) and 
K0, and three types of ion behaviour are observed (Figure 1.11) [65].  
 
 
Figure 1.11 The dependence of Kh/Ko on electric field strength for the mobility of three 
different types of ions [65]. 
 
Type A and Type C ions have positive and negative deviations, respectively with 
increasing E, whereas type B ions have a more complex relationship with E, displaying a 
mobility that initially increases with electric field strength before decreasing at higher 
fields (Figure 1.11). Whether an ion displays Type A, B or C characteristics is not an 
inherent property of a particular molecule; it is a description of the ion behaviour under the 
specified experimental conditions [66]. This behaviour of an ion is represented by its alpha 
(α) value; a co-efficient related to the dependence of mobility of an ion on the electric field 
strength, described by equation 1.13 where a series of even powers represents an infinite 
number of potential E/N values: 
 
α (E/N) = {1+ α(E/N)2 + b(E/N) 4 + c(E/N)6….}  Eqn 1.13 
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Ions with a positive α value display type A behaviour whilst a negative α value denotes 
Type C behaviours. This means that the mobility of an ion at a constant pressure subjected 
to a high-field electric field (Kh) may be described by equation 1.14 [65]: 
 
Kh(E) = K0(1+ α (E))    Eqn 1.14 
 
where K0 is the reduced ion mobility under low electric field conditions, E is the electric 
field strength and α is the high field mobility coefficient so Kh is dictated by the mobility 
coefficient and the reduced mobility. 
 
 
1.9.3 Theories for  differences in mobility in high and low electric fields 
 
The most widely accepted mechanism to explain the differences in mobility in high and 
low electric fields is based upon two different models for the drift of an ion through a gas; 
one being typified by simple hard-sphere interactions between the ion and the drift gas 
molecules [64], the other by an induced dipole moment in the molecule, due to changes in 
the location of the electrons under the influence of the electric field, resulting in the 
formation of ion clusters at low temperatures (Equation 1.11) [67, 68].  
 
Under increased electric fields, an ion is driven through the gas, at higher velocity, 
undergoing collisions which become increasingly energetic. This results in a higher 
effective ion temperature in the system which can affect ion mobility in two very different 
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ways. A decreased K with increasing electric fields as observed in Type B and C ions is 
ascribed to the transfer of thermal energy of ions in a high electric field to the surrounding 
drift gas molecules as a result of collisions. This increase in thermal energy of drift gas 
molecules (parameter T in equation 1.10) increases the drift gas viscosity, resulting in a 
reduced mobility. An increased mobility in high electric fields is attributed to ion 
clustering and de-clustering (Figure 1.12).  
 
 
 
Figure 1.12 (a) An ion cluster in a low electric field and (b) the de-clustered ion in a high 
electric field. The dashed outer circle denotes the boundary for hard sphere collisions [58]. 
 
The formation of the ion complex with the neutral solvent and drift gas molecules in low 
electric fields results in an increase in the cross-section of the ion. The heating of the ion 
in high electric fields causes the ion to partially or completely de-cluster, resulting in an 
increase in mobility due to the reduced collision cross-section (parameter Ω in equation 
1.9), as seen with Type A ions. In addition, the effective ion mass decreases as ions de-
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cluster, resulting in an increased mobility as a result of a decrease in μ from equation 1.9. 
The return to low electric field conditions under the second part of the asymmetric 
waveform decreases ion velocity, reducing the system temperature and returning mobility 
characteristics to low-field conditions [69]. 
 
Eiceman et al. [67, 69] determined that the overall effect of the two mechanisms would be 
dependent on the mass of the ion with the de-clustering mechanism more evident in 
smaller ions as a result of a greater change in collision cross-section. This theory was 
tested using a homologues series of ketones (C3H6O to C10H20O), observing a decrease in 
mobility with larger ions, likely to be less affected by collision cross-section changes 
within the system. This theory was supported by Ruotolo et al. who carried out variable 
field strength studies of ion mobility on singly charged tryptic peptides [70].  
 
An alternative theory for differences in mobility in high and low fields was proposed by 
Guevremont et al. [71]. They suggested that structural flexibility may be an important 
factor; a larger molecule, such as a protein ion, will attempt to ‘resist’ the applied electric 
field by causing a shift in the position of the charges on the ion. This in effect could cause 
a change in the orientation, and therefore the 3D structure of the molecule. More flexible 
ions would also be expected to permit more changes in the structure.  
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Figure 1.13 Plots showing the effect on CV as a result of increased carbon number for a 
homologous series of ketone monomers (top plot) and dimmers (bottom plot) [67]. The 
proposed clustering/de-clustering effect has less effect with increasing molecular weight 
whilst ions displaying type B and C behaviours undergo a greater decrease in mobility in 
high electric fields for larger molecules. 
 
Alternative theories of collisional alignment and dipole alignment have been proposed by 
Shvartsburg et al. [55, 72, 73]. These theories are based on the principle that large ions are 
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not centrally symmetric and as such have a permanent dipole (p) - the sum of contributions 
from all polar bonds and net charges - that is orientated in an electric field. p is likely to 
increase for larger molecules. Ions in gasses rotate randomly, thus the alignment of the 
dipole with the electric field is dependent on dipole energy exceeding the thermal 
rotational energy [73]. Therefore, under high electric field conditions, the dipole will be 
locked whilst intermediate electric field conditions will cause inhibited rotation or 
pendular motion [72]. These differences in orientation mean that the collision cross-
section of an aligned ion is different to the orientationally averaged collision cross-
sections, affecting ion mobility measurements. This effect is likely to be observed only in 
larger macro-molecules, such as proteins above 30 kDa [73]. 
 
It is clear that the exact reasons for these differences in mobility in high and low electric 
fields are still to be determined. It is likely to be a combination of several effects, or 
indeed different effects for different molecules. Despite these uncertainties, the principle 
of different mobilities in high and low fields is the basis for field asymmetric waveform 
ion mobility spectrometry (FAIMS), also known as differential mobility (DMS), the ion 
mobility technique applied in the experimental work described in this thesis. 
 
1.10   FAIMS  
 
Field asymmetric waveform ion mobility spectrometry (FAIMS), also known as 
differential mobility spectrometry (DMS), field ion spectrometry, ion drift nonlinearity 
spectrometry, ion mobility increment spectrometry, radio frequency and ion mobility 
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spectrometry [74] is an ion mobility based technique originating in Russia in the 1980s 
[75].  The first refereed reference to FAIMS in English was reported by Buryakov et al. in 
1993 [76] where the general principles were described along with experimental results for 
the separation of tertiary alkylamines. FAIMS separates gas phase ions on the basis of 
their different mobility under alternating low field and high field conditions, as they travel 
between two electrodes at atmospheric pressure and in the presence of a carrier gas. 
Alternating high and low field electric fields are generated in the space between the 
electrodes by the application of an asymmetric RF waveform, known as the dispersion 
voltage (DV) (Figure 1.14).  
 
Figure 1.14: Schematic diagram of FAIMS electrodes and DV asymmetric waveform 
 
The opposing polarities of the high and low field components cause ions to oscillate 
between the electrodes. If T is the total amount of time the waveform is applied, t1 is the 
time under high field conditions and t2 is the time spent under low field conditions then: 
 
T = t1+t2    Equation 1.15 
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In practice the ratio of t1:t2 is typically 1:2, meaning that the product of time and voltage is 
the same in the two segments of the waveform. If Kh = K0 then the distance an ion travels 
towards one electrode under high field conditions is exactly balanced by travel towards the 
other electrode under low field conditions, so there is no net drift towards one electrode. 
However, ion mobility in high electric fields is usually different to mobility in the low 
field, so ions accumulate a net drift towards one electrode eventually resulting in collision 
with the electrode and neutralisation. Ions of different masses, charge and conformations 
will therefore have different trajectories under the same DV. A small DC voltage is 
applied to one of the electrodes to reverse the drift of the ion so that collision with the 
electrode is avoided [76]. This is termed the ‘compensation voltage’ (CV) and allows ions 
to pass between the electrodes and be detected. The CV for ion transmission is compound 
specific, dependent on the α value of the ion, resulting from the mobility differences in 
high and low fields. FAIMS devices can be used to obtain either a complete representation 
of all ions generated in the ion source by scanning over the full CV range, or can be used 
as an ion filter at a specific CV [65, 66]. 
 
A 1:2 ratio of high:low electric field is typically quoted in the literature but several shapes 
of the waveform have been tested, both in practise and in theory. It was concluded that 
rectangular waveform with a 2:1 ratio of high and low voltage gave the best performance 
[65, 77, 78]. However, due to the difficulty generating this at high frequencies and 
amplitudes [65], the “bisinusoidal” and “clipped-sinusoidal” profiles (Figure 1.15) which 
produce similar results are generated. This shape of waveform is used in current 
commercial instruments [79].  
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Figure 1.15: The theoretical (top) and practical (bottom) asymmetric waveforms [67]. 
 
 
1.11 Development of FAIMS instrumentation 
 
In the mid 1990s, the first FAIMS device was transferred from its Russian origins to North 
America by Mine Safety Appliances Company, based in Pittsburg, Pennsylvania, to be 
used as a portable air quality analyser [80]. The product was not successful and was 
discontinued shortly after [55]. However, a prototype of this device ended up in the hands 
of Dr. Roger Guevremont’s research group at the Institute for National Measurement 
Standards of the Canadian National Research Council (Ottawa). This led to the 
development of the first hyphenated ESI-FAIMS-MS system, which was reported in 1998 
[66] and was used for several early biological and environmental applications [65, 66, 81-
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85]. This device became the first commercial ESI-FAIMS-MS instrument when it was 
developed into the Selectra device produced by Ionalytics Corporation, founded by 
Guevremont and his team [74] which later became part of Thermo Fisher Scientific [86]. 
 
Concurrently, the miniaturisation of FAIMS devices for in-field use were developed. This 
began with the first micromachined FAIMS unit, the result of collaboration between 
Nazarov, one of the contributing scientists on the original Russian journal paper, at the 
Charles Stark Draker Lab, and the research group of Gary Eiceman at New Mexico State 
University [87]. It was this technology that was commercialised by the now defunct 
Sionex Corporation [70] and is currently found in the SelexION device available 
commercially from AB Sciex [88]. 
 
The main difference between the commercial systems, besides the chosen applications, is 
the difference in electrode geometries. The original research paper used a flat, parallel 
plate device whereas the device developed by Guevremont and co-workers was based on 
cylindrical electrode geometry. The primary advantage of the cylindrical electrodes was 
that the non-uniform electric field caused ions at different radial locations to undergo 
displacement towards the same position. This occurrence, known as the ‘focussing effect’ 
[65] results in an increase in peak height in a spectrum due to decreasing ion losses to the 
electrode walls, increasing ion transmission and thus improving sensitivity, particularly 
when interfacing to a mass spectrometer [81, 89]. However, cylindrical electrodes also 
require high precision engineering. Other disadvantages of cylindrical geometry electrodes 
are the inability to separate both positive and negative ions simultaneously [90] and the 
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slower response time (two orders of magnitude lower than that for planar FAIMS) [90]. In 
addition, ion focusing can become ion de-focusing under the influence of inverted 
electrical field conditions, resulting in a decrease in ion transmission. It has been 
suggested [91] that the best compromise between the two designs is a widened gap with 
decreased curvature, to obtain the optimum resolution and sensitivity possible.  
 
There has recently been a move back towards the development of FAIMS devices with 
planar electrodes [92-97], including a microchip-based device introduced by Owlstone 
Limited, which has further lowered the size and power demands of FAIMS to below those 
of the previously smallest device [55].  The microchips feature a serpentine channel, 
viewed as a series of planar electrodes, of 35 μm in width (Figure 1.16) [98].  
 
 
 
Figure 1.16 (a) Image of microchip FAIMS device on fingertip, (b) view of the serpentine 
channel (c) Close up view of the electrode pairs, 35um in diameter. 
(b) (c) 
 (a) 
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The fifteen times reduction in electrode gap size has allowed electric field intensity to be 
increased to over 60 kV/cm, about twice that in previous devices with >0.5 mm gaps. This 
is because the maximum electric field that can be applied across an air gap is limited by 
the point at which the voltage causes the air molecules to break down [98]. As the gap is 
reduced, the breakdown limit increases allowing the higher fields to be applied. It is also 
much more practical to generate these higher fields in the miniaturised device as the 
voltages needed to produce the higher fields are actually much lower than in macro-scale 
FAIMS instruments. These higher fields are advantageous as it offers the possibility of 
greater changes in mobility between the high and low electric field conditions, potentially 
enhancing resolution. Further advantages include a 100-10000 times decrease in analysis 
time compared to macroscopic devices due to a much lower ion residence time. The 
narrowness of a single channel would limit the number of transmitted ions but the multiple 
channel design compensates for this and actually reduces the charge capacity constraints 
previously observed in planar FAIMS devices as a result of the interleaved electrode pairs 
enabling multiple, simultaneous ion transmission through the electrodes. The Owlstone 
microchip-based FAIMS was first interfaced to a mass spectrometer in 2010 [99]. It is this 
microchip-based FAIMS device that has been used to acquire the data obtained in this 
thesis. 
 
 
1.12 FAIMS-MS  
 
Whilst the techniques of FAIMS, ion mobility spectrometry (IMS) and mass spectrometry 
(MS) separate ions on the basis of different properties, they are not entirely unrelated and 
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therefore cannot all be considered as orthogonal separations. Investigations into the 
separations of tryptic peptides found the separation parameters of CV vs m/z [100-102] 
less correlated than drift time vs m/z [102-104]. This is believed to be due to IMS drift 
time being largely dependent on the relationship between charge and collision cross-
section, with mass contributing to the size of the collision cross-section. The hyphenation 
of FAIMS with MS therefore offers advantages over IMS as the mechanism for the 
separation of ions on the basis of compound-dependent differences in high and low field 
mobility is largely independent of mass to charge (m/z) separation [105].  
 
1.13 Applications of  FAIMS-MS  
 
As the focus of this thesis is FAIMS-MS analysis of peptides and proteins, only these 
applications and the relative benefits of the hyphenated technique for these analytes will 
be covered here in detail. Thorough reviews on the many applications of FAIMS and 
FAIMS-MS have been published elsewhere [74, 79, 106]. 
 
1.13.1 The use of FAIMS-MS for the analysis of peptides and proteins 
 
 
The first report on peptides and proteins using FAIMS-MS was published by Guevremont 
et al. in 1999 [82]. The authors determined the effect of molecular weight of the analytes, 
short chain peptides Glyn (where n = 1-6), Substance P, and cytochrome C, on the CV 
required for characterisation. It was concluded that the smaller peptides have an increasing 
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mobility with increasing DV (Type A ions) whereas larger molecules such as Gly6, 
Substance P and Cytochrome C demonstrated decreased mobility as the field increased 
(Type C ions). Type C ions are therefore the most common type for proteins and larger 
peptides, showing a shift toward more negative CV values as the dispersion voltage is 
increased. The application of FAIMS-MS to reduce chemical noise, charge state 
separation and the separation of isobaric ions and conformer analysis are discussed in the 
following sections. 
 
1.13.1.1  Improving mass spectral detection 
 
The authors of the first peptide and protein FAIMS-MS paper noted a reduction in 
background noise following FAIMS separation, including the removal of the cluster ions 
typical of ESI [81]. This resulted in a 2-4 fold increase in the signal-to-noise (S/N) levels 
for cytochrome C ions compared to standard ESI-MS. When applied to a tryptic digest of 
pig haemoglobin [104] a five-fold reduction in chemical background was observed using 
ESI-FAIMS-MS compared with conventional ESI-MS techniques, resulting in the 
identification of some previously undetected tryptic peptides (Figure 1.17).  
 
 
Similar effects were noted in later FAIMS-MS studies [79, 99, 107] including the 
detection of amino acids derived from hydrolysed yeast [108] and the analysis of S. 
cerevisiae tryptic peptides following chromatographic separation [109]. 
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Figure 1.17 Comparison of mass spectra of tryptic digest of pig haemoglobin (1.7 fmol L
-
1
) (a) with no FAIMS separation and (b) with FAIMS applied (DV of 3.8 kV and CV of 
8.3 V) [107]. 
 
The reduction in background ion response was observed in a tandem FAIMS-FAIMS 
system in combination with ToF-MS for analysis of the doubly charged ion of Gramicidin 
S [89]. The first FAIMS device (s-FAIMS) was used to transmit ions of interest selectively 
into the second FAIMS device (t-FAIMS), reducing unrelated background ions and the 
space charging effects observed in other trapping devices. The second device was used to 
trap ions prior to mass spectral detection, in a similar fashion to the ion gate in drift tube 
IMS, allowing the accumulation of ions prior to mass spectral detection. 
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The reduction in chemical interferences observed in FAIMS analysis is an important factor 
for quantitative analysis. Benefits of increased S/N include lower detection limits and 
better precision of the results due to a simpler baseline. In addition, FAIMS can simplify 
sample preparation techniques and eliminate the need for pre-concentration. The first 
study of the linearity of ESI-FAIMS-MS used leucine enkephalin as a model analyte [82]. 
A linear response was observed over three orders of magnitude – a wider dynamic range 
than mass spectrometry alone. Canterbury et al. assessed the addition of a FAIMS 
separation step on the dynamic range and peak capacity for nano-LC-FAIMS-MS analyses 
using a tryptic digest of S. cerevisiae proteins [110]. An 8-fold increase in peak capacity 
was observed, with a 5-fold increase in linear dynamic range, when compared to standard 
nano-LC-MS analysis, by reducing the background noise signals, improving the detection 
of low level peptide ions. 
 
 
1.13.1.2  Charge state separation 
 
Whilst charge state separation of intact proteins, for example cytochrome C [79], has been 
reported, most charge state selection studies have been focused on improving precursor 
ion selectivity to enhance MS/MS analysis of tryptic peptides. The doubly charged 
MFLGFPTTK (m/z 521) and VNVDEVGGEALGR (m/z 657.9) and the triply charged 
TYFPHFNLSHGSDQVK (m/z 626) tryptic peptides, derived from pig haemoglobin, were 
selected as precursor ions on the basis of their differential mobility. This resulted in 
simplified tandem mass spectra and increased confidence in the protein identification 
[107].  The analysis of 282 tryptic peptides derived from thirteen proteins was used to 
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produce CV maps of singly, doubly and triply charged peptide ions [97]. Singly and 
multiply charged peptide ions were transmitted at different CV ranges, with singly charged 
ions showing less variation (5 V range compared to the approximately 25 V range for 
doubly charge ions). It was concluded that the majority of tryptic peptides can be detected 
at a few discrete values, depending on their charge state, without scanning the total CV 
range.  
 
Setting the CV to transmit selected doubly charged ions also allowed singly charged 
peptide ions to be removed in the on-line nano-LC-FAIMS-MS analysis of a range of 
tryptic peptide ions [98]. By stepping the CV up to 20% more multiply charged peptides 
were characterised when compared to nano-LC-MS alone. It was concluded that peptide 
ions could be detected successfully at low fmol levels in complex blood samples, 
suggesting suitability for biomarker discovery experiments and in monitoring changes in 
protein expression. FAIMS has been interfaced with a hybrid LTQ-Orbitrap mass 
spectrometer in combination with nano-LC [111]. This technique facilitated the 
identification of low-abundance multiply charged peptide ions by reducing the number of 
background ions present, reducing the space charge effects limiting the dynamic range of 
ion trap instruments. This lowered the limits of detection by an order of magnitude and 
increasing the number of assigned MS/MS spectra by 55%. Both these factors contributed 
to an overall improvement in protein identification and sequence coverage. Changes in 
protein expression for human monocytic U937 cells treated with phorbol ester were 
monitored using a fixed CV value to transmit ions showing statistically significant 
changes in expression. This allowed the identification of low abundance proteins 
associated with the regulation of transcription, cell growth and differentiation. The 
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addition of the FAIMS separation step prior to IMS-ToF-MS was the first two-
dimensional gas phase ion separation [102]. CV trends for singly, doubly and triply 
charged peptides were observed, which were consistent with those obtained from previous 
FAIMS charge state separations.  
 
 
1.13.1.3 Separation of isobaric ions 
 
FAIMS has been demonstrated to be of value in the structural analysis of peptides and 
proteins, successfully separating isomers and diastereomers and differentiating between 
structural conformers which are indistinguishable by mass spectrometry alone. 
 
Barnett et al. assessed the capability of FAIMS to separate the amino acid isomers leucine 
and isoleucine [83], previously only determinable by small differences in their MS/MS 
fragmentation patterns. FAIMS successfully separated the isobaric ions, prior to detection 
by quadrupole MS, allowing the identification and quantification of one amino acid in a 
625-fold excess of the other. FAIMS, in combination with Orbitrap MS and electron 
transfer dissociation (ETD), has been used to determine sites of phosphorylation of three 
phosphopeptides with the same amino acid sequence. FAIMS was shown to partially 
separate these isobaric species with ETD analysis used to confirm the peptide identity by 
identifying the site of modification. [112]. Shvartsburg et al. later overcame resolution 
issues limiting the separation of phosphorylated peptides by using gas mixtures and an 
elevated electric field [113]. 
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FAIMS has also been employed in the separation of isobaric leucine enkephalin monomer 
[M + H]
+
 and dimer [2M+2H]
2+
 ions, as well as [2M+H]
+
, [4M+2H]
2-
, [6M+3H]
3+
 and 
[8M+4H]
+
 [114]. The harsh conditions within the FAIMS-mass spectrometer interface 
resulted in in-source fragmentation of FAIMS transmitted ions, providing sequence 
information equivalent to MS/MS generated data.  
 
The addition of divalent metal ions as a chiral reference material to D and L amino acid 
enantiomers resulted in the formation of diastereomeric complexes which were separable 
by FAIMS-MS [114]. However, a limitation of this approach was the presence of peptide 
enantiomer cluster ions, transmitted through the FAIMS device at different differential 
mobilities and fragmented in the mass spectrometer. They were then detected at the same 
m/z value, increasing the complexity of the analysis by creating additional peaks in the 
FAIMS CV spectra. Despite this, preliminary quantification studies suggested that fast, 
sensitive chiral analysis could be performed using FAIMS-MS.  
 
 
1.13.1.4 Conformer Analysis 
 
Protein conformers have been separated using FAIMS, suggesting an ability to 
differentiate between three dimensional structures related to protein activity and biological 
function.  The capability of a cylindrical FAIMS system for the detection of bovine 
ubiquitin conformers is shown in Figure 1.18 [71]. Several conformers of multiple charge 
states were observed, depending on the ESI solvent composition and pH. Conformers of 
the same charge state were identified by monitoring a selected m/z value whilst scanning 
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the CV. FAIMS compared well with drift tube IMS (DT-IMS), identifying the same 
charge states with multiple conformations. 
 
By increasing the DV to -4400 V and using a carrier gas mixture of 40% nitrogen and 60% 
helium, sensitivity was increased by over two orders of magnitude, allowing the detection 
of the +15 charge state. Collision cross-section calculations of the previously undetected 
higher charge states were found to be similar, allowing the authors to reach the conclusion 
that ubiquitin is unfolded after the addition of the 13
th
 proton [115]. 
 
The authors extended this work [116] by determining the CCS of 19 conformers of bovine 
ubiquitin by means of energy loss experiments. Whilst results compared well to those 
obtained using drift tube IMS, two conformers of the 12+ charge state were found to have 
similar cross-sections by DT-IMS, but were nevertheless resolved using FAIMS, 
suggesting a different separation mechanism in high field devices and an advantage over 
low field measurements. Collision cross-sections of some protein conformers were shown 
to be affected by the voltages applied to the mass spectrometer interface [116]. Very 
gentle source conditions were required to avoid additional complexity of the FAIMS CV 
spectra and to ensure pre-existing ion cross-sections were retained. 
 
The effect of protein conformation on electron capture dissociation (ECD) was 
investigated using FAIMS combined with Fourier-transform ion cyclotron resonance mass 
spectrometry (FT-ICR) [117] with FAIMS used to pre-select specific ubiquitin 
conformations prior to ECD. Ions of the same charge state had varying ECD efficiencies, 
depending on solution composition, resulting from the retention of differences in liquid-
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phase structures in the gas phase. There were no observed changes in the sites of cleavage 
of different conformers. However, different gas phase conformations of ions were found to 
display variations in ECD efficiency and fragment ion intensity. One ubiquitin 6+ 
conformer, with the same CCS as a 7+ conformer, had greater electron capture efficiency 
despite the lower charge state. This suggested that ECD efficiency was determined by the 
3D shape of the ion. 
 
 
Figure 1.18 Normalised CV scan for the FAIMS-MS analysis of the multiple conformers 
of the +5 to +13 charge states of bovine ubiquitin [71]. 
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Exposure of ESI generated ions of ubiquitin [118] and equine cytochrome c [119] to D2O 
vapour inside the FAIMS electrode gap resulted in H/D exchange whilst the ions passed 
through the FAIMS device. Each conformer experienced different levels of H/D exchange, 
increasing conformer separation. FAIMS and H/D exchange techniques were independent 
of one another, indicating that conformers not identified by FAIMS could be resolved by 
HD exchange. This was later demonstrated when FAIMS combined with H/D exchange 
was applied to the analysis of gas phase conformers of equine cytochrome C. H/D 
exchange alone identified just five conformations, whereas the two techniques combined 
identified 11, 8 and 10 for the +16, +17 and +18 charge states, respectively. Different gas 
phase structures of bradykinin have been identified using FAIMS in combination with 
H/D exchange and energy loss experiments; demonstrating structural analysis using 
FAIMS is not restricted to large proteins [120]. Only two gas phase conformations could 
be detected using each technique separately. However, in combination, a total of four 
conformers could be observed leading the authors to deduce that a multidimensional 
approach to the study of gas phase structures using FAIMS could provide extra 
information compared to the individual techniques alone.  
 
ESI-FAIMS-MS analysis of two variants of the amyloidogenic protein b2-microglobulin 
[121] was used to detect different conformations, with results comparable to pH 
denaturation observations in other techniques, such as circular dichroism, NMR and 
conventional ESI-MS. The ability to differentiate between partially folded and unfolded 
proteins opens up opportunities to investigate the role that the accumulation of mis-folded 
proteins could play in protein folding related diseases. 
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A peak deconvolution method for the determination of macromolecule conformations was 
applied to the ESI-FAIMS-FT-ICR-MS analysis of conformers of oxidised and reduced 
forms of the protein lysozyme [122]. The peak widths of the CV scans were fitted by 
Gaussian functions to establish a linear correlation between the CV and peak width. This 
provided an insight into the peak width of single conformers by correlating FAIMS peak 
widths obtained from the CV scan and determining the number of distributions that would 
be required to fit the peak. This provided a means of measuring the number of 
conformations of a given ion. It was noted that different charge states had different CV 
peak widths, due to variations in the structures of the ions. It was suggested that the 
conventional method of stepping the CV in equal amounts could be adjusted to 
accommodate the broadening of the CV width, resulting in a linear ramp for a more 
efficient data acquisition. The identification of conformers of the oxidised lysozyme was 
consistent with previously reported data from drift tube IMS and proton transfer reactivity 
experiments. In addition, more conformers were identified for the reduced form of 
lysozyme, suggesting an advantage of using FAIMS-MS for protein conformational 
studies. 
 
 
1.13.2 Effect of drift gas and instrumental developments  
 
The main reported limitation of FAIMS-MS analysis of peptides and proteins relates to 
insufficient resolving power. Furthermore, there are reported examples of FAIMS analysis 
suggesting the presence of a single conformer, where other techniques indicated the 
presence of multiple species. Using complementary techniques alongside FAIMS analysis 
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has been shown to obtain additional information about gas phase structures where FAIMS 
separation is limited [102, 118-120]. 
 
Technical advances have, however, been made to improve the resolving power of FAIMS 
to overcome these limitations. One approach is instrumental development. Shvartsburg et 
al. reported the separation of peptide ions using planar electrode FAIMS devices with a 
curtain plate interface, connecting to a mass spectrometer by means of an ion funnel with a 
slit aperture [92]. This design reduced the analysis time whilst increasing the resolution 
four-fold when compared to traditional cylindrical FAIMS systems. A planar FAIMS 
design with slit-shaped entrance and exit apertures was effectively coupled to a multi-
emitter ESI source improving ion transfer into the device, increasing signal levels by over 
an order of magnitude with no compromise on resolution and an increased tolerance to 
higher liquid flow rates [93].  
 
Attention has also been paid to the use of helium/nitrogen gas mixtures to improve 
resolution. This has been a particular interest of Shvartsburg et al., whose planar FAIMS 
systems enabled the use of  up to 75% He. This increased the peak capacity, aiding the 
separation of unresolved peptide conformers
 
[93], isobaric amino acids and peptides 
derived from complex tryptic digests [94], and unresolved phosphopeptides with variable 
modification sites [113]. In addition, ion sensitivity was increased by over an order of 
magnitude without affecting FAIMS resolution [95]. A different approach to drift gas 
variation by Levin and coworkers [96] investigated the use of methanol, 2-propanol, and 
2-butanol as drift gas modifiers. This enhanced the FAIMS separation by facilitating 
cluster dissociation, reducing the ion cross-section and therefore separating the peptide 
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ions of interest from the signals associated with higher m/z ions. The method provided 
quantification in less than 5 seconds making it a useful tool for high throughput analyses.  
 
An alternative approach to improving resolution has been to increase the dispersion 
voltage applied to the electrodes. Combining an increase in the electric field strength in a 
planar FAIMS device with a 50:50 helium/nitrogen mixture, has been reported to bring 
resolving power in line with conventional ion mobility for multiply charged peptides, 
although an increase in field heating effects, such as isomerisation and dissociation, was 
observed [96]. Higher electric fields are also a driving force for the development of 
miniaturised FAIMS devices [97-99] with higher fields offering the potential of improved 
separations. With FAIMS technology and methods of analysis constantly evolving, these 
different approaches will continue to improve the separation capabilities overcoming 
current limitations and increase the role FAIMS-MS analysis will play in peptide and 
protein studies. 
 
 
1.13.3   Summary of current literature 
 
An overview of FAIMS and the potential of the technique as a pre-separation step prior to 
mass spectral analysis of proteins and peptides has been presented. FAIMS has been 
shown to offer improvements in S/N, in some cases of up to two orders of magnitude, by 
reducing interference from unrelated background ions, simplifying mass spectra and often 
resulting in lower detection limits. FAIMS may also provide an alternative to time-
consuming HPLC separations for higher throughput, separating spectra into a series of 
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simple subsets of ions, whilst not affecting the speed of mass spectral analysis. 
Additionally, separation of peptide and protein charge states may be achieved; further 
simplifying ESI generated mass spectra. The multidimensional approach of LC-FAIMS-
MS offers the potential of increased peptide identifications in the analysis of complex 
proteomic samples. Structural studies have shown FAIMS to be capable of separating 
isobaric ions such as isomers, enantiomers and conformers. Investigations into protein and 
peptide structures in the gas-phase using FAIMS have resulted in the identification of 
previously undetected conformers. The combination of FAIMS–MS with other gas-phase 
separations, such as IMS, and techniques such as H/D exchange, along with instrumental 
developments has been shown to improve the resolving capabilities of the technique. With 
this in mind, FAIMS combined with MS is expected to play an increasing role in future 
proteomic analyses, some areas of which are covered in the experimental work detailed in 
this thesis. 
 
 
1.14 Overview of Thesis 
 
 
 
This thesis details the development of FAIMS-MS methods for the analysis of peptides 
and proteins.  All experiments were performed on one of two miniaturised FAIMS-MS 
interfaces; the first interface was to an ion trap mass spectrometer, the second interface to 
a time-of-flight mass spectrometer. These configurations are discussed in more detail in 
Chapter 2. The overall aim of the studies described herein was to apply a FAIMS 
separation step to simplify peptide mixtures in order to increase selectivity, enhance 
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sensitivity and improve the quality of mass spectral data by developing FAIMS-MS 
techniques for rapid, high-throughput protein and peptide analysis. 
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CHAPTER TWO 
Analysis of peptides by miniaturised FAIMS 
combined with mass spectrometry 
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2.1 Introduction 
 
The use of FAIMS-MS for peptide and protein identification was discussed in Chapter 1. 
Early studies used model peptides and proteins to investigate the advantages of the FAIMS 
analysis. Differences in ion structure and collision cross-section were observed to 
influence FAIMS separations. These studies were extended to the analysis of protein 
enzymatic digests for the identification of proteins from database searching. The use of 
databases for protein identification from mass spectrometry data originates from the work 
of Henzel et al. [1] who developed the use of algorithm searches to correlate experimental 
with theoretical masses for protein identification. Mass spectrometry has therefore become 
integral to protein identification, using methods such as enzymatic digestion of proteins 
followed by mass spectrometric analysis of the resulting peptides, known as ‘bottom up’ 
proteomics [2]. Digestion will only occur at specific amino acid residues, producing a 
series of peptides unique to a specific protein and protease (See Chapter 1). The protein is 
then identified by comparing the generated mass spectra with theoretical peptide masses 
calculated from a proteomic or genomic database.  
 
There are two primary approaches (Figure 2.1). The first is the generation of what is 
known as a ‘peptide mass fingerprint’ (PMF). This technique uses the enzymatic digestion 
to break down the protein into specific proteolytic peptide fragments and the mass 
spectrometer is employed to generate a list of detected [M+H]
+
 peptide ions using MALDI 
ionisation. Protein identification is achieved by comparing these masses to theoretical 
peptide masses in a protein database search engine. The detection of several tryptic 
peptides from the same protein confirms identification [3]. 
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The second approach is tandem mass spectrometry (MS/MS). Identification of the 
peptides is carried out by selecting a pre-cursor ion, usually the [M+2H]
2+
 ion, and 
subjecting the proteolytic peptide ion to collision-induced dissociation to yield to shorter 
amino acid sequences [4]. The database algorithms then correlate the experimental amino 
acid sequence with theoretical values. The highest scoring ‘hits’ are reported, identifying 
the most likely peptide from which the detected amino acid sequence could have 
originated. Several peptide hits from the same protein confirms identification. Several 
protein search engines exists, such as MASCOT [5] and ProteinProspector MS-Fit [6], that 
apply searching algorithms to identify proteins and peptides based on scores or ranking 
order to indicate the most significant match. 
 
PMF data is typically obtained using MALDI ionisation combined with reflectron ToF-
MS [2] allowing accurate mass measurement of peptide ions [3]. MALDI is the preferred 
source for PMF generation as the presence of multiply charged peptides using other 
ionisation techniques, such as electrospray ionisation, can increase spectral complexity, 
causing problems in database searching resulting in less confident assignments. 
Conversely, the MS/MS approach is much more suited to ion trap or triple quadrupole 
instruments with precursor ion selection capabilities.  Electrospray ionisation, which 
generates multiply charged ions that fragment much more readily, is preferred for MS/MS 
measurements [2].  
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 Identification 
 MS analysis of 
peptides 
 
Database searching 
 Selection of 
[M+2H]
2+
 for MS/MS 
 Selection of [M+H]+ 
for PMF 
 
Figure 2.1.  Flow scheme for ‘bottom up’ protein analysis 
 
The generation of a PMF is quick, simple and easily automated [3], but analysis by 
MALDI-MS lacks the structural information on tryptic peptides gained by MS/MS 
analysis. In addition, MS/MS can be more useful for the analysis of complex mixtures 
where a specific peptide pre-cursor ion can be selected, eliminating non-related ions 
making analysis very specific. Whilst MS/MS analysis can be automated in the form of 
data dependent scanning [7], this may result in a loss of specificity in the selection of a 
pre-cursor ion; if the ion of interest is not the base peak, redundant data is gathered and the 
target peptide cannot be identified. The PMF and MS/MS ‘bottom up’ protein 
identification are complementary and the ability to generate both sets of data on the same 
instrumentation has the potential to enhance protein identification.  
 
The use of FAIMS for the pre-separation of ions to facilitate the rapid, high throughput 
analysis of peptides has been reported in the literature and been demonstrated to be a 
useful means of increasing the selectivity of the analysis and reducing the complexity of 
samples in order to enhance MS detection. The first report of the application of a FAIMS-
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MS method to the analysis of tryptic peptides observed the reduction in chemical 
background reported in the FAIMS-MS analysis [8]. In addition, charge state separation 
was reported, previously observed in conventional ion mobility systems [9]. The reduction 
in background signals in the detection of low-level peptides was later exploited to enhance 
the quality of MS/MS data [10]. Recently, FAIMS has been interfaced with a hybrid LTQ-
Orbitrap mass spectrometer, facilitating the identification of low-abundance peptide ions 
and increasing the number of assigned MS/MS spectra, contributing to an overall 
improvement in protein identification and sequence coverage [11]. It was proposed
 
[12] 
that FAIMS could be interfaced with other analytical techniques, such as conventional ion 
mobility and LC-MS, for added selectivity as large proportions of multiply charged tryptic 
peptides could be detected by monitoring a few specific CV values [9] [13] [14]. 
 
In 2007, Kaur-Atwal et al. introduced the concept of PMF generation from ESI-MS 
instrumentation by using a drift tube ion mobility separation, post ionization, to isolate 
singly charged peptide ions prior to mass spectral detection [15]. The use of FAIMS to 
achieve a similar separation has not been explored. 
 
 
2.2  Chapter 2 aims and objectives 
 
This chapter describes the analysis of model and tryptic peptides using miniaturised 
FAIMS combined with ion trap and time of flight mass spectrometry. The application of 
the FAIMS separation and the improved selectivity for mass spectrometric detection are 
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discussed. The benefits this improved selectivity has for common protein identification 
methods via database searching are presented and discussed.  
 
The aims of the research were to: 
 
o Evaluate the transmission of peptide ions using the miniaturised FAIMS device 
combined with mass spectrometry. 
 
o Separate singly and multiply charged peptide ions by FAIMS prior to mass spectral 
detection for both model and tryptic peptides. 
 
o Investigate the selective transmission of [M+H]+ peptide ions for the generation of 
pseudo-peptide mass finger prints using ESI-FAIMS-MS. 
 
o Investigate the selective transmission of specific [M+2H]2+ peptide ions prior to 
ion trap MS/MS using data dependent scanning methods. 
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2.3 Experimental 
 
2.3.1 Instrumentation 
 
All experiments were performed on one of two miniaturised FAIMS-MS interfaces. The 
first interface was to an ion trap mass spectrometer, (LTQ, Thermo Scientific, Hemel 
Hempstead, UK) (Figure 2.2). 
 
nESI-FAIMS-MS analysis was carried out in positive ion mode. FAIMS separation was 
carried out at a maximum 60 kV cm
-1
 dispersion field, over a compensation voltage (CV) 
range of -2 to +5 V, at a sweep rate of 0.5 V s
-1
. The miniaturised FAIMS device was 
located within the existing ESI and nanoelectrospray ionization (NSI) source housing of 
the TOF and ion trap mass spectrometers, respectively, as shown schematically in Figure 
2.2. 
 
The electrospray source of the TOF mass spectrometer was modified to accommodate the 
presence of the FAIMS chip within the spray shield (Figure 2.2a). The ESI source was 
operated at a flow rate of 100 μL min-1 and a capillary voltage of 1.5 kV. The drying gas 
flow was 5 L min
-1
 at a temperature of 150 °C. The nebuliser was operated at 15 psi, and 
the sheath gas flow was at 12 L min
-1
 at 250 °C. The spray shield was set at 400 V; the 
ultra-FAIMS chip was at 0 V, and the capillary inlet was at -20 V. The fragmentor voltage 
was set to 150 V, and the skimmer voltage was set to 65 V. TOF spectra acquisitions were 
performed at a rate of 50 spectra s
-1
. 
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(b)
Spray shield
6230 inlet capillary
FAIMS chip
Ions
Drying 
gas
0
Ions
Drying 
gas
FAIMS chip
LXQ inlet
Curtain plate
(a) 
LTQ inlet
 
 
Figure 2.2. Schematic diagrams of (a) the ultra-FAIMS chip located within the spray shield of the Agilent Jet Stream source and (b) 
mounted into the chip cartridge and housed within the Thermo ‘Ion Max’ ion source.
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In the miniaturised FAIMS-ion trap configuration (Figure 2.2b), standard peptides and 
tryptic digests were ionised using a 1 μm Picotip emitter (New Objective, Massachusetts, 
USA) with an applied voltage of 1.1 kV. A 50 V bias was applied to the curtain plate and 
orifice and a 30 V bias was applied to the FAIMS chip, allowing ions to be drawn into the 
FAIMS device. The LTQ capillary temperature was held at 60 °C, and the capillary 
voltage was at 0 V, with the FAIMS high purity nitrogen carrier gas set at a flow rate of 
2.3 L min
-1
 and a temperature of 60 °C. The ion trap was scanned in MS mode over the 
m/z range of 150-2000 using a maximum ion injection time of 100 ms and no scan 
averaging. Data acquisition under MSn mode was carried out using data dependent 
scanning on the base peak, using a normalised collision energy of 35%.  
 
Data were processed using Xcalibur version 2.0.7 (Thermo Scientific, Hemel Hempstead, 
UK), Mass Hunter version B.01.03 (Agilent, Stockport, UK) and Excel 2003 (Microsoft, 
Seattle, USA). 
 
 
2.3.2 Sample preparation 
 
High-performance liquid chromatography (HPLC) grade methanol, water, and formic acid 
(FA) were purchased from Fisher Scientific (Loughborough, UK). Angiotensin, 
(DRVYIHPFHLVI) bradykinin (RPPGFSPFR), substance P (RPKPQQFFGLM), 
bombesin (EQRLGNQWAVGHLM), and gramicidin S (cyclo(VOLDFP)2 were obtained 
from Sigma Aldrich (Gillingham, UK). All peptide standards were prepared at 
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concentrations between 10 and 16 nmol μL-1 in 50/50 (v/v) methanol/water containing 
0.1% FA.  
 
The tryptic digest was prepared from α-1-acid-glycoprotein (AAG; Athens Research and 
Technology, Georgia, USA). A 250 μL aliquot of a 1 mg mL-1 AAG solution in 25 mM 
ammonium bicarbonate was added to a 20 μL of 0.1 mg mL-1 trypsin Gold Mass 
Spectrometry grade (Promega, Southampton, UK) in 50 mM acetic acid and digested for 
15 min at 55 °C, at 50 W, using a microwave digester (CEM Corporation, North Carolina, 
USA). The reaction was quenched with 100 μL of 1% trifluoroacetic acid (TFA) solution 
(Sigma Aldrich, Gillingham, UK) and the sample was cleaned up and concentrated using 
Supel-Tips C18 Micropipet Tips (Sigma-Aldridge, Gillingham, UK). Each tip was 
prepared for binding with five cycles of 50% acetonitrile (ACN) in water and equilibrated 
with five cycles of 0.1% TFA in water. Twenty-five microliters of digested protein was 
bound to the tip by cycling the peptide solution 15 times. Salts were washed with seven 
cycles of 0.1% TFA in water and the peptides were eluted in 8 μL of 80% ACN in water 
with 0.1% FA, giving a final concentration of digested AAG material of approximately 70 
nmol μL-1, assuming 100% digestion and recovery. 
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2.4 Results and Discussion 
 
2.4.1 Analysis of standard peptides 
 
In order to ascertain effectiveness of the miniaturised FAIMS device, bradykinin was first 
directly infused into the source of the ion trap mass spectrometer without FAIMS 
separation. The [M + H]
+
 (m/z 1060) and [M + 2H]
2+
 (m/z 531) ions were observed in the 
resulting mass spectrum (Figure 2.3a). Data were then acquired while the FAIMS was 
scanned over a CV range of -2 to +4 V with a 60 kV cm
-1
 DF. The selected ion responses 
for both [M + H]
+
 and [M + 2H]
2+
 were extracted from the total ion response, and the 
optimum CVs for transmission of the ions were determined (CV values of +1.4 and +3.5 
V for the singly and doubly charged species, respectively). The FAIMS device was 
programmed to the appropriate CV for transmission, determined by the CV sweep, 
corresponding to the optimum ion counts. Figure 2.3 shows the selective enhancement 
with an increase in signal-to-noise ratio of an order of magnitude as a result of reduced 
background noise for both the singly (Figure 2.3b) and doubly (Figure 2.3c) charged ions 
under the optimum CV conditions. 
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Figure 2.3. FAIMS-MS charge state separation of bradykinin ions. (a) Ion trap mass 
spectrum without FAIMS separation (S/N ratio 100:1 (m/z 1060); 1000:1 (m/z 531)). (b)  
Selective enhancement of the [M+H]
+
 (m/z 1060) ion at a CV of + 1.4V (S/N ratio 1000:1) 
and (c) Selective enhancement of the [M+2H]
2+
 (m/z 531) ion at a CV value of +3.5V (S/N 
ratio 10,000:1). 
[M+2H]2+ m/z 531
[M+H]+ m/z 1060
(a) 
[M+H]+ m/z 1060
(b) 
[M+2H]2+ m/z 531
530.91
(c) 
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A CV scan from FAIMS-MS ion trap analysis of the doubly charged bradykinin ion is 
shown in Figure 2.4, showing a broad peak rather than a single sharp peak. The shape of 
the peak for the [M + 2H]
2+
 ion (m/z 531) indicates the presence of three partially resolved 
components of the same m/z with varying differential mobilities. The shape of the trace for 
the [M+2H]
2+
 ion (m/z 531) indicates the presence of three partially resolved components 
with varying differential mobilities. This observed peak shape is very similar to that 
previously reported by Guevremont and Shvartsburg for the analysis of the [M+2H]
2+
 ion 
of bradykinin using a FAIMS interface with cylindrical electrodes
 
[20], although the  
shoulder on the main peak at a CV of +1.5 V is better resolved, demonstrating the ability 
of the ultra-FAIMS system to differentiate between structural conformations. The use of 
the miniaturised FAIMS for the identification of gas phase conformations is discussed in 
more detail in Chapter 3 of this thesis. 
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Figure 2.4. CV scan for the FAIMS-MS ion trap analysis of the bradykinin [M+2H]
2+
 ion 
at a DF of 60kV cm
-1
.  
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FAIMS-TOFMS analysis of angiotensin, bradykinin, gramicidin S, substance P, and 
bombesin was carried out at a DF of 60 kV cm
-1
. The peptides were analysed in triplicate 
both individually and as a mixture. The total ion chromatogram (TIC) is shown in Figure 
2.5. 
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Figure 2.5. FAIMS-TOFMS TIC of angiotensin, bradykinin, gramicidin S, substance P, 
and bombesin at a DF of 60 kV cm
-1
. 
 
The selected ion responses for both [M + H]
+
 and [M + 2H]
2+
 were extracted from the total 
ion response. There was clear separation between [M + H]
+
 and [M + 2H]
2+
 ions, with  
singly charged peptide species being transmitted at a similar CV, resolved from the doubly 
charged ions, which were more spread. The separation of the [M + H]
+
 and [M + 2H]
2+ 
-
ions of Substance P is shown in Figure 2.6 and the CV spectra for the [M + 2H]
2+
 ions are 
shown in Figure 2.7.   
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Figure 2.6. FAIMS-TOFMS TIC of  [M + H]
+
 and [M + 2H]
2+  
of Substance P at a DF of 
60 kV cm
-1
. 
 
The optimum CVs for the transmission of the singly and doubly charged peptide ions were 
calculated and plotted against their m/z ratio in Figure 2.8. This plot clearly shows a 
separation of singly and doubly charged peptide ions at distinct CV windows. This type of 
plot has been reported previously in ESI-FAIMS-MS studies with cylindrical electrodes, 
depicting the CV dispersion of singly, doubly, and triply charged peptides [8]. While this 
reports a much narrower CV dispersion (5 V) for the singly charged peptides compared to 
multiply charged species (27 V), there is significant overlap of some low mass doubly 
charged ions in the singly charged region. Using the miniaturised ultra-FAIMS device, the 
singly charged peptide species all fall within a very narrow CV window for transmission 
(1.2-1.6 V), clearly resolved from the doubly charged ions. The CV range for the selective 
transmission of singly charged ions through the ultra-FAIMS uses 8.3% of the analytical 
space available, compared to 12.5% using cylindrical electrode FAIMS. 
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Figure 2.7. The FAIMS-ToF-MS analysis of a mixture containing bradykinin (m/z 530.7), angiotensin (m/z 523.7), substance P (m/z 
674.3), gramcidin S (m/z 571.3) and bombesin (m/z 810.4) at a DF of 60 kV cm
-1
.
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Figure 2.8. Compensation voltage vs. m/z plot of singly and doubly charged standard and 
tryptic peptides ions.  
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A scan of the singly charged peptide region using the ultra-FAIMS can be performed in 
less than a second, compared to 5 s at the scan rate described with macroscopic systems 
[8]. The miniaturised FAIMS device could, therefore, be programmed to allow the 
selective, simultaneous transmission of singly charged ions, suitable for the generation of 
data equivalent to peptide ions generated by MALDI. In contrast to the singly charged 
ions, separation of [M + 2H]
2+
 peptide ions with different amino acid sequences was 
observed over a much wider CV range of +3 to +4.5 V (see Figure 2.8). This wider CV 
window limits the simultaneous transmission of all ions of the [M+2H]
2+
 charge state 
suggesting it possible to target these [M+2H]
2+
 peptide ions on the basis of their 
differential ion mobility under the appropriate dispersion field conditions.  
 
Separation of ions on the basis of differential mobility prior to tandem mass spectrometry 
allows a [M+2H]
2+
 precursor ion to be identified with greater selectivity, avoiding isobaric 
interferences and therefore greater confidence in peptide and protein identification. 
Selection of a [M+2H]
2+
 precursor ion on the basis of differential mobility may also be 
applied to the acquisition of data from data-dependent scanning, allowing the selection of 
a specific base peak from a complex mixture on the basis of differential mobility prior to 
fragmentation. This was tested with data dependent scanning of bradykinin, using the 
FAIMS device to selectively transmit the [M + 2H]
2+
 ion prior to fragmentation. The ion 
trap tandem MS of the differential mobility resolved [M + 2H]
2+
 ion of bradykinin 
showing b and y fragment ions is shown in Figure 2.9.  
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Figure 2.9. Ion trap MS/MS of the FAIMS selected [M+2H]
2+
 ion of bradykinin (m/z 
531). 
 
2.4.2 Analysis of Tryptic Peptides 
 
The ability of the ultra-FAIMS device to separate ion populations based on charge state 
was tested by applying the method to the analysis of singly and multiply charged tryptic 
peptides derived from alpha-1-acid-glycoprotein (AAG). AAG has been identified as a 
biomarker for differentiating late stage metastatic melanoma patients from healthy 
controls [17]. The benefit of the hyphenated system is the selectivity afforded by the 
separation of ions from a complex sample, prior to mass spectrometric detection, allowing 
peptide responses to be identified with a reduction of noise and spectral interferences 
resulting in an overall simplification of the resulting mass spectra. The presence of 
isobaric interferences and multiple charge states in the spectrum, without additional 
FAIMS separation, may reduce confidence in protein identificaton.  
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Initially, the AAG tryptic digest was infused into the nanospray source of the ion trap 
mass spectrometer without FAIMS separation. Figure 2.10a shows the resulting mass 
spectrum. Data were then acquired as the CV was scanned over the range -2 to +4 V and 
the selected ion response for singly and doubly charged ions was extracted from the total 
ion response. The resulting CVs and m/z values for the tryptic peptides were added to the 
standard peptide data in Figure 2.8, showing the same narrow CV range for the singly 
charged tryptic peptide ions as the standard peptides. On this basis, a CV window of +1.5 
to +1.7 V was applied to allow the simultaneous transmission of the singly charged ions at 
the expense of the more abundant doubly charged species, which could reduce the 
confidence in PMF database searching.  
 
Figure 2.10b shows the enhancement of the singly charged peptide ion responses using 
this +1.5- +1.7 CV window. This included the detection of many [M+H]
+
 peptide ions 
previously masked by high intensity multiply charged species or lost in the baseline noise. 
These enhancements in singly charged peptide ion responses as a result of improvements 
in signal-to-noise ratio (S/N) are detailed in Table 2.1. 
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Figure 2.10. (a) The mass spectrum of the AAG tryptic digest with no FAIMS separation. 
(b) The mass spectra obtained with the CV window set to +1.5- +1.7 to isolate the singly 
charged ions. 
 
[M+2H]2+ m/z 877
[M+H]+ m/z 1160[M+2H]2+
m/z 581
[M+H]+ m/z 1752
(a) 
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Table 2.1. Signal to noise ratios for [M+H]
+
 peptide ions derived from AAG protein by 
tryptic digestion with and without FAIMS separation. 
 
m/z 
 
Peptide Sequence 
S/N without 
miniaturised FAIMS 
S/N with miniaturised 
FAIMS 
696 (R)EYQTR(Q) 2.5:1 3:1 
994 (K)TEDTIFLR(E) 4:1 20:1 
1160 (K)WFYIASAFR(N) 20:1 100:1 
1112 (K)SDVVYTDWK(K) 2.5:1 20:1 
1240 
(K)CEPLEKQHEK(E) 
or 
(K)SDVVYTDWKK(D) 
2:1 10:1 
1752 (R)YVGGQEHFAHLLILR(D) 2:1 3:1 
1920 (K)SVQEIQATFFYFTPNK(T 1:1 5:1 
 
The analysis of the tryptic digest with a much more complex background using FAIMS 
resulted in an improvement in S/N for all of the peptide ions in Table 2.1. For example, 
the m/z 1112 and 1240 ions showed S/N ratios improvements of almost ten-fold and five-
fold, respectively, meaning peptide response changed from an undetectable level to a 
quantifiable response (minimum 10:1 S/N). All of the peptides with S/N ratios below the 
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3:1 detection threshold when analysed without FAIMS separation showed improvements 
in S/N to 3:1 or higher when FAIMS pre-selection was used. 
 
The next stage was to test whether the observed enhancements in [M+H]
+
 peptide ion 
detection achieved by applying the FAIMS-MS selection method were suitable for the 
generation of data equivalent to a peptide mass fingerprint (PMF) obtained by MALDI. 
The term chosen to describe this type of analysis is the generation of a pseudo-peptide 
mass fingerprint (p-PMF), a term previously used in the context of the selective 
transmission of singly charged ions using drift tube IM-MS to distinguish the data from a 
true MALDI PMF [15]. The miniaturised FAIMS generated p-PMF for the AAG tryptic 
digest was searched against the SwissProt protein PMF database using the MASCOT [4] 
search engine using the top 20 highest intensity ions generated in a spectra list by the 
Xcalibur software. AAG was identified as the top hit with a significant confidence score of 
61 (where 56 or above is deemed statistically significant at a 95% confidence interval) 
(Figure 2.11).  
 
The resulting spectrum  and MASCOT search demonstrates the ability of the miniaturised 
FAIMS-MS to generate [M+H]
+
 data equivalent to a peptide mass fingerprint (PMF) 
obtained by MALDI ionization and commonly used to identify proteins from  PMF 
databases. 
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Figure 2.11. MASCOT results for ESI-ultraFAIMS-MS analyses of an AAG tryptic digest 
(scores greater than 56 being significant). 
 
In contrast to the singly charged ions, individual doubly charged ions can be targeted on 
the basis of their differential mobility by specifying a narrow CV window for the selective 
transmission of a selected ion. Therefore, an alternative means of identifying the digested 
protein was by performing tandem MS on a FAIMS selected [M+2H]
2+
 ion to confirm 
tryptic peptide identity. The CV was set to +3 V to transmit the doubly charged m/z 877 
tryptic peptide ion at its optimum CV. The selectivity of the ultra-FAIMS device for this 
peptide, displayed in Figure 2.12a, with a S/N ratio of 500:1 for the m/z 877 ion, contrasts 
with the spectrum without FAIMS separation, which has a 50:1 S/N ratio (Figure 2.8a). 
The ion trap tandem MS spectrum of the selected m/z 877 ion, shown in Figure 2.12b, was 
used to confirm the sequence of the tryptic peptide (amino acid sequence 
YVGGQEHFAHLLILR). This demonstrates that miniaturised FAIMS combined with MS 
can be applied to aid in protein identification via the two main forms of ‘bottom up’ 
proteins identification methods. 
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Figure 2.12 (a) Selective enhancement of the  m/z 877 ion from the AAG tryptic digest 
and (b) the ion trap MS/MS spectrum of the m/z 877 ion. 
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CHAPTER THREE 
Analysis of intact proteins by miniaturised 
FAIMS-MS 
 102 
3.1 Introduction 
 
The pioneering work on the study of proteins by drift tube ion mobility spectrometry (IM-
MS) was reported by Hill, who demonstrated the mobility separation of different charge 
states of proteins using IM-MS. The results showed that the collisional cross-section 
(CCS) of protein ions increases with higher charge as a result of unfolding of the protein 
as a consequence of internal Coulombic repulsion [1, 2]. Subsequently, the study of 
macromolecule structure was carried out by the groups of Jarrold, Clemmer [3, 4, 5] and 
Bowers [6] in the late 1990s. All these research groups used in-house constructed IM-MS 
instruments to study gas phase protein conformation. These initial studies did not address 
concerns regarding the retention of natural protein structure in the gas phase. However, 
Ruotolo et al.. later reported that the 11-member ring architecture of the RNA binding 
proteinTRAP is largely maintained in the gas phase [7], demonstrating the suitability of 
IM-MS for the study of native-like protein structures in the gas phase. Several review 
papers have since been published on the subject of proteins and protein assembly studies 
by IM-MS [8-10]. 
 
 
The development of FAIMS-MS in the late 1990s [11] introduced an alternative ion 
mobility based technique for the analysis of protein and peptide structure. The first report 
of the analysis of a protein using FAIMS-MS, by Purves and Guevremont, determined the 
effect of the molecular weight of the proteins on the CV [11]. Cytochrome C was the 
largest of analytes investigated and demonstrated decreased mobility with increased 
electric field – known as type C behaviour (see Chapter 1). Type C ions shift towards a 
more negative CV value as the dispersion voltage is increased, which is observed for most 
larger molecules, such as long chained peptides and proteins. 
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The reason for this decrease in mobility at higher electric fields is the subject of debate. It 
has been suggested that structural flexibility may be an important factor; that the protein 
ion will attempt to ‘resist’ the applied electric field by causing a shift in the position of the 
charges on the ion, causing a change in the orientation, and therefore the 3D structure of 
the molecule [12]. More flexible ions would also be expected to permit more changes in 
the structure. Shvartsburg et al. have suggested that large, unsymmetrical molecules, such 
as proteins, have a permanent dipole as a result of the presence of many polar bonds and 
overall charge. They proposed that in a high electric field this dipole is likely to be 
orientated, causing differences in low and high field orientationally averaged CCS [13, 
14]. This effect is likely to be observed only in larger proteins with increased dipole 
energy. These proposed differences in protein structure in low and high electric fields 
means structural dimensions cannot be directly extracted from FAIMS data [8]. 
 
 
Protein structural studies by FAIMS-MS have been reported in the literature by several 
groups. Ubiquitin conformers were detected using a cylindrical FAIMS system, which 
identified the same charge states with multiple conformations observed by drift tube IMS 
(DT-IMS) [11]. Increasing the DF and the use of carrier gas mixtures increased sensitivity 
by over two orders of magnitude, allowing the detection of +15 charge state of ubiquitin. 
CCS calculations of the previously undetected higher charge states were found to be 
similar, allowing the authors to conclude that ubiquitin is unfolded after the addition of the 
thirteenth proton [15]. The CCS of 19 conformers of bovine ubiquitin were determined by 
energy loss experiments post FAIMS separation [16]. Two conformers of the 12+ charge 
state were unresolved by DT-IMS, but separated using FAIMS, suggesting a different 
separation mechanism and an advantage over low field measurements. In another study of 
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ubiquitin ions, the effect of protein conformation on electron capture dissociation (ECD) 
was investigated with the use of FAIMS to pre-select specific conformations prior to ECD 
[17]. One ubiquitin 6+ conformer, with the same CCS as a 7+ conformer, had greater 
electron capture efficiency despite the lower charge state. This suggested ECD efficiency 
was determined by the 3D shape of the ion. 
 
FAIMS has also been combined with hydrogen/deuterium (H/D) exchange. Ions of 
ubiquitin [18] and equine cytochrome c [19] were exposed to D2O vapour inside the 
FAIMS electrode gap. Each conformer experienced different levels of H/D exchange, 
increasing conformer separation. In the analysis of cytochrome C, H/D exchange alone 
identified just five conformations, whereas the two techniques combined identified 11, 8 
and 10 for the +16, +17 and +18 charge states, respectively.  
 
Oxidised and reduced forms of the protein lysozyme were determined using a peak 
deconvolution method on ESI-FAIMS-MS data [20]. The identification of conformers of 
the oxidised lysozyme was consistent with previously reported data from drift tube IMS 
and proton transfer reactivity experiments. In addition, more conformers were identified 
for the reduced form of lysozyme, suggesting an advantage of using FAIMS-MS for 
protein conformational studies.  
 
ESI-FAIMS-MS analysis of two variants of b2-microglobulin [21] was used to detect 
different conformations. Under pH denaturation condition, results were comparable to 
observations in other techniques, such as circular dichroism, NMR and conventional ESI-
MS. The ability to differentiate between three dimensional structures, including partially 
folded and unfolded proteins, opens up opportunities to investigate the role that the 
 105 
accumulation of mis-folded proteins could play in protein folding related diseases and 
biological function.  
 
3.2 Aims and objectives 
 
In this chapter FAIMS-MS analysis of intact proteins using a miniaturised FAIMS device 
is described. This is the first use of the miniaturised FAIMS for the analysis of biological 
macromolecules and extends its utility beyond that of small molecule analysis. The higher 
electric fields applied in the minaturised FAIMS permits the study of intact proteins at 
increased E/N values than those previously reported in the literature. The addition of the 
FAIMS separation step has the advantages of improved selectivity for mass spectrometric 
detection whilst also offering the potential for protein structural studies. The main areas of 
investigation were to: 
 
o Explore the ability of miniaturised FAIMS to separate multiple charge states of 
intact proteins on the basis of differences in differential mobility. 
 
o Investigate any observed trends associated with separation of different charge 
states and study any relationships between CV and protein characteristics. 
 
o Investigate the use of miniaturised FAIMS for protein structural analysis. 
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o Compare data to other ion mobility systems, including drift-tube based 
instrumentation and previous FAIMS literature, to ascertain any differences in 
separation mechanisms due to the increased frequency and higher electric field in 
the minaturised systems. 
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3.3 Experimental 
 
 
3.3.1 Instrumentation 
 
ESI-FAIMS-MS analysis was carried out in positive ion mode using a prototype 
miniaturised ultra-FAIMS device (Owlstone, Cambridge, UK) interfaced to an Agilent 
6230 orthogonal acceleration time-of-flight mass spectrometer (Agilent Technologies, 
Santa Clara, CA, USA). The electrospray source of the ToF mass spectrometer was 
modified to accommodate the presence of the ultra-FAIMS chip within the spray shield as 
described in chapter 2 of this thesis.   
 
The ultra-FAIMS chip, described already in this thesis, consists of 47 electrode pairs with 
a channel width of 35 μm and a channel length of 300 μm. The FAIMS chip was 
connected to a field generator module containing the electrical circuitry required to 
generate field asymmetric waveforms. The frequency of the applied asymmetric waveform 
was 25 MHz in a roughly 2:1 ratio of low field to high field.  Comparative non-FAIMS 
data were acquired with analytes transmitted through the FAIMS chip with the DF and CV 
set to 0 kV cm
-1
 and 0 V, respectively. FAIMS separation was carried out at a 60 kV cm
-1
 
DF over a CV range of -1 V to +5 V at 0.5 V s
-1
 CV sweep rate. The analysis was repeated 
six times on one day and again on six separate days in order for intra- and inter-day CV 
reproducibility to be calculated.  
 
ToF spectra acquisitions were performed at a rate of 2 spectra sec
-1
. Analytes were infused 
into the JetStream-ESI source at 50 µL min
-1
 and ionised using 1.5 kV. Source conditions 
 108 
for all experiments were: nozzle voltage, spray shield and counter electrode, 400 V; 
skimmer voltage, 65 V; drying gas flow was 10 L min
-1 
at 150 °C; sheath gas was 12 L 
min
-1 
 at 250 °C; nebuliser gas pressure, 25 psig. The inlet capillary voltage was set to -15 
V. The fragmentor voltage was set to 175 V for the transmission of Insulin B, Insulin and 
ubiquitin and increased to 200 V and 225 V for the transmission of cytochrome C and 
myoglobin, respectively. 
 
Data were processed using Mass Hunter version B.01.03 (Agilent Technologies, Santa 
Clara, CA, USA) and Excel 2007 (Microsoft, Seattle, USA). 
 
 
3.3.2 Sample preparation 
 
HPLC grade methanol (MeOH) and water and formic acid (FA) were purchased from 
Fisher Scientific (Loughborough, UK). Insulin B chain, Insulin, Ubiquitin, Cytochrome C 
and Myoglobin were obtained from Sigma Aldrich (Gillingham, UK). All protein 
standards were prepared at concentrations of 10 pmol µL
-1 
in 50/50 (v/v) methanol/water 
containing 0.1 % FA. 
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3.4 Results and Discussion 
 
3.4.1 Comparison of ESI-MS and ESI-FAIMS-MS mass spectra 
 
Proteins were initially directly infused individually into the ESI source of the mass 
spectrometer without FAIMS separation. Data were then acquired whilst the FAIMS was 
scanned over a CV range of -1V to +5V with a 60 kV cm
-1
 DF.  All protein standards 
showed a charge state distribution with the FAIMS switched off (MS mode) and on 
(FAIMS-MS mode). A comparison of the mass spectra of myoglobin shows the typical 
charge state envelopes observed in MS and FAIMS-MS modes (Figure 3.1). The mass 
spectrum with FAIMS on was scanned over all CV values in the scanned range. The 
distribution is centered round an optimum abundance of m/z 808, the +21 charge state, 
ions with charge states ranging between +11 to +27. The presence of higher charge states 
is due to the presence of the formic acid in solution. The distribution of charges depends 
on the number and availability of basic sites for the addition of charge and therefore 
related to protein structure [11].  
 
Analysis with and without FAIMS separation showed an almost identical distribution of 
charge states, suggesting protein structure is unaffected by the presence of the high DF. 
However, the highest charge state ion observed by MS was much less intense in the 
FAIMS-MS spectrum. This is believed to be due to a reduced ion current as a result of the 
preferential transmission of higher m/z ions. 
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Figure 3.1 Comparison of observed charge state envelope of myoglobin using (a) ESI-MS 
analysis and (b) ESI-FAIMS-MS analysis (scanned across the scanned CV range). 
 
 
3.4.2  Effect of CV on protein transmission 
 
The protein mass spectra were recorded as the FAIMS was scanned over a CV range of -
1V to +5V with a 60 kV cm
-1
 DF. Example mass spectra for ubiquitin (8.5 kDa) are shown 
in Figure 3.2. Data acquired with no FAIMS separation display the typical charge state 
distribution of ubiquitin (Figure 3.2a). At a CV of +1.75 V there is preferential 
transmission of the +7 charge state (m/z 1224) ion with a lower abundance of higher 
charge state ions. Conversely, a higher CV of +2.55 V preferentially transmits +9 to +13 
charge states and excludes the lower charge states. The similar peak height of m/z 659, 
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714, 779, 857 and 952 (charge states +9 to +13) compared to the intensities of the ions 
with no FAIMS selection suggests a preferential transmission of the highest charge states 
at this CV. The preferential transmission of the m/z 1224 ion at a +1.75 CV suggests it is 
possible to target lower protein charge states for FAIMS-selected structural analysis but 
resolution may be limited when targeting higher charge states. 
 
No FAIMS separation
+ 1.75 V
+ 2.55 V
(a)
(b)
(c)
 
Figure 3.2. Ubiquitin mass spectra (a) No FAIMS (b) + 1.75 V CV showing preferential 
transmission of m/z 1224 ion and (c) +2.55 V CV showing simultaneous transmission of 
+9 to +13 charge states at the expense of lower charge state species. 
 
The similarity in CV for transmission between the higher charge states was investigated by 
extracting the SIC for each charge state. The lowest charge state, [M+6H]
6+
, m/z 1428, had 
an optimum CV for transmission of +1.55 V. The broadness of the peaks of the lower 
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charge states shows the presence of multiple species at the same m/z value, indicating the 
presence of multiple conformations.  
 
Valentine et al. reported the existence of several partially folded conformations of 
ubiquitin using drift tube IM-MS [22]. Multiple conformations of ubiquitin have been 
reported using FAIMS-MS [11, 12, 15-18]. The difference in the number of conformers 
detected and their position on the CV spectrum could be due to the fact that the 
electrospray solvent in this experiment was acidified; a factor shown previously to 
influence the detection of ubiquitin conformations [12].  
 
A trend of increased CV with increased charge was observed up to [M+9H]
9+ 
due to the 
unfolding of the protein as a result of the increased charge state, caused by an increase in 
repulsive Coulumbic forces, encouraging the protein into a more elongated shape.  Further 
increases in charge state did not cause a significant further decrease in differential mobility 
(Figure 3.3). The observed CV pattern was similar to that previously reported for the 
analysis of ubiquitin using a FAIMS device with cylindrical electrodes by Guevremont 
and co-workers who also reported very little difference in CV for the transmission of +9 to 
+13 charge states. Previous studies of ubiquitin have suggested that rather than the 
presence of one single unfolded conformation, multiple, unresolved conformations could 
be present [12].  
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[M+6H]6+ = 1.55 V
[M+8H]8+ = 2.1 V
[M+9H]9+ = 2.35 V
[M+10H]10+ = 2.45 V
[M+11H]11+ = 2.4 V
[M+12H]12+ = 2.45 V
[M+13H]13+ = 2.55 V
[M+7H]7+ = 1.75 V
 
 
Figure 3.3. FAIMS-MS separation of multiple charge states of bovine ubiquitin 
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It has been proposed that the reason for the difference in CV with charge state is due to 
protein structure rigidity [12]. An elongated structure, such as an unfolded protein, would 
not have the ability to ‘resist’ the electric field by changing its orientation relative to the 
direction of the applied electric field. The ability to do this would decrease the difference 
in the mobility in high and low fields. As a result, the level of ‘resistance’ will dictate the 
CV of an ion, with unfolded, elongated structures displaying the highest difference in 
mobility, and therefore the highest CV. The observation that the highest charge states of 
ubiquitin are transmitted at the similar, high CV suggests the same mechanism of 
separation is occurring in miniaturised FAIMS as is occurring in macro-FAIMS systems. 
Assuming this is correct, it suggests that the miniaturised FAIMS is also capable of 
differentiation between a folded and an unfolded protein structure. 
 
The detection of multiple species of the same charge state was not unique to ubiquitin 
(Figure 3.3). Partially resolved gas phase conformers were also observed for the larger 
proteins, cytochrome C and myoglobin. Studies using drift tube IM-MS have detected 
different gas phase ions of low charge states of cytochrome C [3]. However, multiple 
conformations of higher charge states were also observed using a cylindrical FAIMS-MS 
in combination with H/D exchange [19]. Analysis of cytochrome C using the miniaturised 
FAIMS device compares favourably with the FAIMS-MS study as multiple species were 
observed for protein ions of higher charge state, for example [M+18H]
18+
 shown in Figure 
3.4. These multiple conformations are transmitted over a wide range of CV, suggesting 
vast differences in differential mobility. Using mass spectrometry alone these would be 
detected as a single peak, emphasising the orthogonality of separation by m/z and 
differential mobility.  
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Figure 3.4. The extracted ion chromatogram (EIC) for m/z 687 ([M+18H]
18+
 charge state) 
of cytochrome C, indicating the presence of at least 3 isobaric species of differing 
differential mobilities.  
 
A plot of the m/z vs. average optimal CV for all charge states of proteins analysed in this 
study is shown in Figure 3.5. The plot highlights the orthogonality of FAIMS separations 
with ions of the same m/z ratio displaying very different differential mobilities and thus 
different optimum CVs for transmission. An important observation was that no protein ion 
of any charge state or conformation was observed at a CV of 0 V; every protein ion 
analysed in the study, irrespective of mass or charge, had a difference in mobility in the 
applied high and low field conditions. All ions were transmitted at positive CVs, 
displaying a decrease in mobility in the increased electric fields. This suggests protein ions 
analysed on the miniaturised FAIMS system display type C behaviour, an observation 
previously noted using cylindrical electrode systems [11]. Type B behaviour reported by 
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Shvartsburg was not observed, however, all proteins analysed in this study were less than 
20 kDa, lower than the mass limit reported necessary for dipole alignment to occur [13, 
14]. 
 
In addition to ubiquitin, Figure 3.5 shows the differential mobility behaviour of different 
charge states of four additional proteins; insulin B chain (3.4kDa), insulin (5.8kDa), 
cytochrome C (12kDa) and myoglobin (17.7kDa). The different charge states of insulin B 
chain, insulin and ubiquitin are highlighted in Figure 3.5. The different charge states of the 
same protein were transmitted at different CVs, with higher charge states requiring a 
higher CV for transmission. As a general rule, the CV difference between different protein 
charge states decreased with increased charge, probably a result of similarities in 3D 
structure as a consequence of the protein taking up a more elongated shape to 
accommodate the extra charges.  
 
Ions of the same charge state but increased mass displayed lower differential mobility than 
lower molecular weight proteins of the same charge state. As a general rule, protein ions 
of increasing molecular weight were found at lower CVs, with higher charge states 
displaying the highest differential mobility. As a result, the plots of m/z vs. CV show a 
negative correlation (Figure 3.5). 
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Figure 3.5. A plot of m/z vs CV for all studied proteins. Trends can be seen with increasing CV for transmission with increasing charge 
state of each protein and decreased CV for transmission with increased mass of protein. 
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The trends observed for the differential mobility behaviour of the larger molecular weight 
proteins, cytochrome C and myoglobin, are more complex due to the presence of multiple 
peaks (Figure 3.6). As with the smaller molecular weight proteins, ions of a higher charge 
state display greater differential mobility than ions of lower charge state from the same 
protein in the presence of the high electric field. In addition, ions of the same charge state 
but lower mass are transmitted at a higher CV than larger molecular weight protein ions. 
However, despite the higher charge state ions observed with larger protein ions, the ions 
associated with these larger proteins are generally located towards the lower CV region of 
the m/z vs CV plot suggesting that mass plays an important role in dictating an ion’s 
differential mobility.  
 
It appears that neither mass nor charge directly dictates the precise CV of a protein ion. 
The detection of multiple species of the same mass and charge at different CVs suggests 
that it is another physical aspect of the ions that influence its differential mobility. The 
flexibility of an ion and its ability to change 3D shape with electric field, a theory 
proposed by Guevermont and co-workers [12], is one possible explanation and would 
suggest that separation mechanisms in miniaturised FAIMS are the same as macro-FAIMS 
systems despite differences in frequency and electric field. 
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Figure 3.6. Plot of m/z vs. CV for all studied proteins. Multiple components of the same m/z of myoglobin are observed demonstrating 
the broad CV distribution of suspected conformations.
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3.4.3  Repeatability study 
 
Replicate measurements (n = 6) were taken both on the same day and on six different days 
in order to determine intra and inter day repeatability of CV measurements for the insulin 
B chain, insulin and ubiquitin protein ions. Multiple confirmations in each charge state 
prevented reproducibility studies on cytochrome C and myoglobin. The selected ion 
responses for the multiple charge states of each protein were extracted from the total ion 
response and the optimum CVs for transmission of the ions were determined. The 
optimum CV for transmission of each charge state was established and recorded and % 
relative standard deviation (%RSD) was calculated. %RSD for insulin B chain, insulin and 
ubiquitin was in the range of 0.9-2.6% and 1.0-2.9% for intra and inter-day repeatability, 
respectively (Table 3.1).  
 
 
Table 3.1. Intra and inter-day CV reproducibility of insulin B chain, insulin and ubiquitin.  
Protein Charge State
Intra Day Inter Day
CV % RSD CV % RSD
Insulin B Chain 3+ 2.25 0.9 2.25 1.41
4+ 2.65 1.19 2.7 1.02
5+ 3.25 2.53 3.15 1.74
Insulin 4+ 2.1 0.97 2.1 2.33
5+ 2.45 1.65 2.45 1.05
6+ 2.75 1.63 2.7 1.5
7+ 2.95 1.66 2.9 1.54
Ubiquitin 6+ 1.65 1.91 1.7 2.63
7+ 1.8 2.08 1.85 2.04
8+ 2.15 2.55 2.2 2.04
9+ 2.4 2.04 2.45 2.09
10+ 2.5 1.7 2.55 1.93
11+ 2.45 1.29 2.5 2.43
12+ 2.5 1.51 2.5 2.04
13+ 2.55 1.47 2.6 1.88
14+ 2.55 2.01 2.65 2.89  
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This data shows good reproducibility for CV measurements with no significant differences 
observed as a result of mass or charge state. 
 
 
3.4.4  Effect of asymmetric waveform on ion transmission 
 
The effect of the presence of the high field asymmetric waveform on the transmission of 
the protein ions and their relative detection by the mass spectrometer was investigated for 
the model proteins. MS data were acquired with a 0 kV cm
-1
 DF and compared to data 
obtained with a 60 kV cm
-1
 DF, over a CV range of -1 V to +5 V at 0.5 V s
-1
 CV sweep 
rate. The average peak heights of the m/z ratios were compared from the two experimental 
conditions and m/z was plotted against transmission as a percentage of non-FAIMS 
abundance. The resulting plot is shown in Figure 3.7. 
 
m/z appears to have little effect on the transmission of the smaller proteins, insulin and 
ubiquitin, in the presence or absence of a DF. Ions of the smallest protein, insulin B, show 
significant losses for all m/z and charge states with the DF applied. The larger proteins, 
cytochrome C and myoglobin, showed a general trend towards increased ion transmission 
with increasing m/z and lower charge states in the presence of the DF field (e.g. 
Cytochrome C [M+9H]
9+
). This suggests that the application of the DF has a focussing 
effect on these ions. The reason for this effect is unclear, but may be due to bigger ions, 
such as the larger proteins, having a lower differential mobility; i.e. there is less of a 
difference in mobility in high and low fields. It is therefore likely that less of these ions 
would be more readily lost to the walls and neutralised as a result of diffusion. 
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Alternatively, the increased transmission of larger molecules could be down to structural 
differences; ions of a higher m/z ratio would adopt a more compact 3D structure as it 
would be accommodating fewer charges. Ions of an increased m/z ratio are likely to be in a 
more elongated structure. Smaller ions will scatter more, resulting in increased collisions 
with drift gas molecules. These hard sphere interactions would cause ion losses within a 
system; increased collisions would mean increased ion losses. 
 
The increase in transmission of higher molecular weight proteins beyond that of 
comparative non-FAIMS analysis is an added advantage, in addition to the structural 
information provided by using a miniaturised FAIMS-MS method of analysis as opposed 
to mass spectrometry alone when analysing intact proteins. 
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Figure 3.7 A plot of m/z vs. CV for all studied proteins. Trends can be seen with increasing CV for transmission with increasing charge 
state of each protein and decreased CV for transmission with increased mass of protein 
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CHAPTER FOUR 
In-source fragmentation of FAIMS-selected 
ions in combination with time-of-flight mass 
spectrometry 
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4.1  Introduction 
 
Tandem mass spectrometry (MS/MS), in which a precursor ion is selected on the basis of 
mass-to-charge (m/z) ratio and then subjected to collision induced dissociation (CID), with 
the resulting fragment ions identified by a second mass analyser, is the method of choice for 
obtaining fragmentation data for the elucidation of structure and quantitative analysis. The 
principles of MS/MS were described in Chapter 1 of this thesis. However, for this type of 
analysis, a mass analyser capable of pre-selecting parent ions on the basis of their m/z ratio 
must be present, i.e. a quadrupole, in a Q-ToF or triple quadrupole mass spectrometer, or 
m/z selection in time may be carried out on an ion trap. In a single mass analyser instrument 
where precursor ion selection is not possible, an alternative approach to fragmenting ions of 
interest is via collision-induced dissociation as a result of elevated interface voltages in the 
intermediate pressure region between an atmospheric pressure ion source and the vacuum 
of a mass analyser, commonly referred to as in-source CID or cone voltage fragmentation
 
[1, 2]. However, use of this method is limited as a complex mass spectrum, containing 
overlapping precursor and product ions, can result in the absence of precursor ion pre-
selection, presenting a challenge for spectral interpretation, especially when applied to the 
analysis of complex biological samples such as plasma . In addition, information regarding 
the relationship between precursor and product ions may also be lost as different precursor 
ions are fragmented simultaneously; it is therefore not possible to determine which 
fragment ions originate from which pre-cursor ion. There is also the added possibility of 
fragmentation of the fragment ions further complicating the mass spectrum.  
 
 128 
The Clemmer research group have pioneered the use of drift tube based ion mobility as a 
method of simplifying in-source CID-MS data, associating precursor ions with a specific 
drift time. These nested data sets allowed unambiguous assignments of precursor and 
product ions where ions were fully resolved by ion mobility separation allowing associated 
fragment ions to be identified [3]. This method was developed by combining an LC 
separation prior to separation by ion mobility with subsequent fragmentation for more 
complex tryptic peptide mixtures
 
[4] and was later applied to intact proteins
 
[5] and the 
study of the urinary proteome [6]. An ion trap-IMS-Q-CID-ToFMS method was also 
developed for the two stage fragmentation of peptides by generating fragments between the 
drift tube and the quadrupole that were subsequently mass selected in the quadrupole, 
further fragmented, and detected by the ToF mass analyser [7]. 
 
The use of drift tube ion mobility combined with in-source CID-MS is well established for 
peptide identification but FAIMS combined with in-source CID-MS has received little 
attention. The in-source fragmentation of ions in FAIMS-MS was reported by Guevremont 
et al.
 
[8], who observed a change in cluster distributions of leucine enkephalin ions under 
low and high energy in an ESI ion source. It was concluded that fragmentation comparable 
to MS/MS analysis was induced under high energy conditions. However, subsequent 
fragmentation studies were pursued using MS/MS of mass-selected ions in a triple 
quadrupole spectrometer rather than through in-source CID so the potential of targeting pre-
cursor ions using FAIMS was not explored. Eiceman et al. described fragmentation of 
chlorocarbon ions in the interface of an atmospheric pressure ionization mass spectrometer, 
which complicated the identification of FAIMS-selected ions [9]. Measurements were 
carried out under conditions designed to minimise rather than enhance ion decomposition in 
the mass spectrometer interface. The use of FAIMS with in-source CID and selected 
 129 
reaction monitoring MS/MS was used by Xia and Jemal to determine the location of source 
fragmentation in the analysis of ifetroban and its acylglucuronide metabolite [10]. FAIMS 
was used to transmit either the parent drug or its acylglucuronide, from which it was 
concluded that fragmentation, inducing the conversion of the acylglucuronide metabolite to 
the parent drug form, occurred almost entirely after the inlet orifice of the mass 
spectrometer. The objective of this work was to minimise the effect of in-source CID in the 
use of LC-MS/MS with SRM for the quantitative analysis of prodrugs and metabolites. The 
first example of the targeted use of in-source CID-MS using FAIMS to isolate ions from a 
mixture prior to fragmentation was reported by Coy and co-workers [11]. The separation of 
a simple mixture containing five isobaric model compounds (m/z 316) was achieved by 
direct infusion into the ESI source and differential mobility spectrometry. Ions were 
transmitted at their optimum CV and fragmentation induced by increasing the inlet cone 
voltage in the interface of a quadrupole MS. The benefits of the use of FAIMS ion pre-
selection prior to in-source CID-MS in the field of peptide and protein analysis remained 
unexplored. It is hypothesised here that FAIMS can be used as an ion filter to select pre-
cursor ions on the basis of differential mobility prior to in-source fragmentation to enhance 
selectivity.
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4.2  Aims and objectives 
 
 
This chapter discusses the development of generic FAIMS-in source CID-MS methods 
(termed FISCID-MS) that exploit the ability to control the fragmentation of FAIMS 
selected ions in the interface of the mass spectrometer. The main aims were to:  
 
o Target pre-cursor ions on the basis of differential mobility as opposed to m/z ratio 
by combining the orthogonal separation characteristics of a miniaturised FAIMS 
device and in-source CID with time-of-flight mass spectrometry.  
 
o Demonstrate the first use of the FISCID-MS method combined with an LC 
separation for the multidimensional analysis of complex mixtures, allowing the 
suitability of the FISCID-MS method for generating data from real biological 
samples to be determined. 
 
o Test the suitability of LC-FISCID-MS method for the generation of peptide 
fragmentation data suitable for searching against peptide and protein databases to 
allow identification of unknown analytes. 
 
o Demonstrate the first instance of a LC-FISCID-MS method for the quantitative 
analysis of peptides in complex biological samples. 
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4.3  Experimental 
 
 
4.3.1  Chemicals and reagents 
 
HPLC grade methanol (MeOH), acetonitrile (ACN), water and formic acid (FA) were 
purchased from Fisher Scientific (Loughborough, UK). Leucine enkephalin (YGGFL), 
bradykinin (RPPGFSPFR), bombesin (EQRLGNQWAVGHLM), lutenizing hormone 
releasing hormone (EHWSYGLRPG), MRFA and gramicidin S (cyclo(VOLDFP))2 were 
obtained from Sigma Aldrich (Gillingham, UK). All peptide standards were prepared at a 
concentration of 10 pmol/µL
 
in 50/50 (v/v) MeOH/water containing 0.1 % FA.  
 
 
4.3.2 Sample preparation  
 
Human blood samples were collected from volunteers in lithium heparin tubes (BD, 
Oxford, UK) and centrifuged at 1500 g for 15 min at 4 
o
C. ACN (400 µL) was added to an 
aliquot of the collected plasma (200 µL) before being vortex-mixed for 30 s and sonicated 
for 10 min to precipitate high molecular weight and abundant proteins [16]. The supernatant 
was removed and proteins were reconstituted in 2 mL of water. Trypsin Gold Mass 
Spectrometry Grade (100 µg; Promega, Southampton, UK) was dissolved in 100 mM 
ammonium bicarbonate and 6 µL was added to the plasma extract. The sample was digested 
overnight in an incubator at 37 
o
C. The reaction was quenched with 200 µL 1% 
trifluoroacetic acid (TFA) solution (Sigma Aldrich, Gillingham, UK) in water and the 
digested plasma was prepared for LC analysis via solid phase extraction (SPE) using a 3 
mL volume Oasis C18 solid phase microextraction cartridge (Waters, Manchester, UK). The 
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cartridge was conditioned with 3 mL of 50% ACN in water and equilibrated with 3 mL of 
0.1% TFA in water. Peptides generated by protein digestion and retained on the SPE 
cartridge were washed with 2 mL of 0.1% TFA in water. The retained peptides were then 
eluted in 200 µL of 20:80 water:ACN (v/v) with 0.1 % FA. The eluate was dried down 
under argon and reconstituted in 200 µL of 90:10 water:ACN (v/v) with 0.1% FA, keeping 
the original concentration of peptides the same. 
 
Standard solutions of Gramicidin S (cyclo(VOLDFP)2) were prepared for quantitative 
analysis in 10:90 water:ACN (v/v) with 0.1 % FA at concentrations in the range of 5-500 
ng/µL. Aliquots (20 µL) of these standards were spiked into 200 µL of the plasma tryptic 
digest to give concentrations of 0.45-45 μg/mL.  
 
 
4.3.3 Instrumentation 
 
FISCID-MS analysis was carried out in positive ion electrospray ionisation mode using a 
prototype miniaturised FAIMS device [12, 13] (Owlstone, Cambridge, UK), interfaced to 
an Agilent 6230 orthogonal acceleration time-of-flight mass spectrometer (Agilent 
Technologies, Santa Clara, CA, USA), with the electrospray source of the ToF mass 
spectrometer modified to accommodate the presence of the ultra-FAIMS chip within the 
spray shield
 
[14], as described in Chapters 1 and 2. Comparative non-FAIMS data were 
acquired with analytes transmitted through the FAIMS chip with the DF and CV set to 0 
kV/cm and 0 V, respectively. FAIMS separation was carried out at a 47 kV/cm DF, over a 
CV range of -1 V to +5 V at 0.5 V/s CV sweep rate. For LC-FISCID-MS analysis, quasi-
static scanning was performed to selectively allow analytes into the mass spectrometer 
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using a 0.1 V window around the optimum CV for transmission. The exact CV values and 
scan windows were experiment dependant and as such are indicated in the text where 
appropriate.  
 
ToF spectral acquisitions were performed at a rate of 10 spectra s
-1 
for the standard peptide 
analysis and 2 spectra s
-1
 for the analysis of plasma samples. Analytes were infused into the 
JetStream-ESI ion source at 50 µL/min and ionised using a voltage of 1.5 kV. Source 
conditions were: nozzle voltage, spray shield and counter electrode, 400 V; skimmer 
voltage, 65 V; drying gas temperature, 150 °C; sheath gas temperature, 250 °C; nebuliser 
gas pressure, 25 psig, inlet capillary voltage set to -15 V, drying gas flow 10 L/min and 
sheath gas flow 12 L/min. The fragmentor voltage was set to 150 V for transmission of 
intact analytes without fragmentation and increased to the region of 350 – 400 V in order to 
induce in-source fragmentation by CID. The fragmentor voltage was compound dependent 
and is indicated in the text where appropriate.  
 
LC separation of peptide standards was carried out using an XBridge C18 5 μm column, 
dimensions 2.1 x 50 mm, (Waters, Manchester, UK), operated at a flow rate of 0.2 mL min
-
1
 using an isocratic mobile phase of 30:70 water:ACN (v/v) with 0.1% FA, with a run time 
of 3 minutes and a 2 µL injection volume. Analysis of the spiked plasma tryptic digest was 
carried out using a Poroshell 300SB-C18 column, with dimensions 2.1 x 7.5 mm, 5μm 
(Agilent, Santa Clara, CA, USA), at a flow rate of 0.4 mL min
-1
 with a 20 µL injection 
volume. The gradient elution programme consisted of a linear increase from 95:5 
water:ACN (v/v) to 60:40 water:ACN (v/v) in 10 min, then to 10:90 water:ACN (v/v) in 2 
min. The gradient was then returned to the initial conditions in a total run time of 15 min. 
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Data were processed using Mass Hunter version B.01.03 (Agilent Technologies, Santa 
Clara, CA, USA) and Excel 2007 (Microsoft, Seattle, USA). 
 
4.4  Results and discussion 
 
The potential of the FAIMS-in-source CID-MS (FISCID-MS) approach to enhance the 
analysis of complex mixtures using a single mass analyser has been evaluated for peptide 
sequencing and quantification. In FISCID-MS analysis, FAIMS is used as an ion filter to 
select pre-cursor ions on the basis of differential mobility prior to in-source fragmentation 
to enhance selectivity.  
 
The additional selectivity afforded by the FAIMS-selection means that fragmentation of 
FAIMS-selected ions in the interface of a TOF mass spectrometer can be controlled to yield 
product ion information on the selected precursor ions, simplifying the product ion mass 
spectra. The principles of FISCID-MS analysis are shown schematically in Figure 4.l. 
 
 
Figure 4.1: Schematic representation of CID-MS and FAIMS-CID MS data acquisition 
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4.4.1  Isolation of directly infused peptide ions for sequence analysis 
 
The FISCID-MS method was applied to the analysis of a mixture of peptide standards, 
bradykinin, luteinizing hormone releasing hormone peptide (LHRH), leucine enkephalin, 
MRFA and bombesin. A FAIMS CV spectrum was obtained by scanning the CV voltage in 
the range -1V to +5V with a DF of 48 kV/cm. The total ion response (TIC) is shown in 
Figure 4.2 and the selected ion response for the [M+H]
+
 and [M+2H]
2+
 ions were extracted 
(Figure 4.3 and 4.4, respectively). Leucine enkephalin produced only [M+H]
+
 species and 
therefore only appears in Figure 4.3. 
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Figure 4.2. FAIMS-MS TIC of bradykinin, LHRH, leucine enkephalin, MRFA and 
bombesin at a DF of 48 kV/cm. 
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Figure 4.3. Overlaid FAIMS spectra of [M+H]
+ 
peptide ions.  
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Figure 4.4. Overlaid FAIMS spectra of [M+2H]
2+ 
peptide ions. The partial separation of 
the [M+2H]
2+
 peptide ions by FAIMS suggests possibility of the targeted analysis of ions of 
interest.  
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Direct infusion of the peptide mixture into the ESI source of the mass spectrometer without 
FAIMS separation produced a complex mass spectrum containing the [M+H]
+ 
ions of 
bradykinin, LHRH, MRFA and leucine enkephalin, the [M+2H]
2+ 
ions of bradykinin, 
MRFA, LHRH and bombesin and the [M+3H]
3+
 ion of bradykinin (Figure 4.5a). CID-MS 
of the peptide mixture using a fragmentor voltage of 350 V without FAIMS pre-selection 
results in a complex product ion spectrum (Figure 4.5b) with a predominance of singly 
changed ions which do not readily fragment masking fragment ions of interest.  
 
The FAIMS device was then programmed to the appropriate 0.1 V CV window for 
selective transmission of each of the [M+2H]
2+
 species. The isolation of the [M+2H]
2+
 
bradykinin ion from the other singly and multiple charged peptide ions by FAIMS at a CV 
of +2.6 to +2.7 V is shown in Figure 4.5c. Using FAIMS to transmit the bradykinin 
[M+2H]
2+
 ion selectively in a FISCID-MS analysis filtered out unrelated precursor ions 
producing a product ion mass spectrum containing the characteristic fragments of 
bradykinin (Figure 4.5d).  
 
A comparison of peak lists generated by the MassHunter TOFMS software (Table 4.1) 
identified 21 characteristic bradykinin fragment ions using the FISCID-MS method, 
compared to just 6 without FAIMS separation, enhancing confidence in the identification of 
bradykinin due to increased sequence coverage. 
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Figure 4.5. MS, CID-MS, FAIMS-MS and FISCID-MS analysis of a peptide mixture, (a) 
mass spectrum without FAIMS selection or in-source CID (b) in-source CID-MS (350 V) 
without FAIMS selection; (c) FAIMS-selection of the [M+2H]
2+
 bradykinin ion (CV = +2.6 
to +2.7 V) and (d) FISCID-MS product ion spectrum of  the [M+2H]
2+
 bradykinin ion (CV 
= +2.6 to +2.7 V, fragmentor voltage 350 V). 
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Table 4.1: Bradykinin fragment ions, without and with FAIMS pre-cursor ion selection. 
Without FAIMS
m/z Assignment
530.7955 [M+2H]2+
614.3497 a6
710.3733 y6
807.4273 y7
904.4812 y8
1060.584 [M+H]+
With FAIMS
m/z Assignment
254.1637 b2
305.1642 y2-NH3
322.1906 y2
380.245 a4
402.2182 y3-NH3
408.2403 b4
419.2452 y3
489.2515 y4-NH3
506.278 y4
527.315 a5
530.7933 [M+2H]2+
555.3091 b5
614.3484 a6
642.3432 b6
653.3496 y5
710.3709 y6
790.3999 y7-NH3
807.4248 y7
887.4554 y8-NH3
858.4712 a8
b8+H2O/y8 b8+H2O/y8
 
 
4.4.2 LC-FISCID-MS analysis of co-eluting peptide ions 
 
The FISCID-MS method was then combined with an LC pre-separation to evaluate the 
potential of FAIMS to aid the identification of co-eluting peptides. A rapid LC separation 
of three peptides resulted in the co-elution of bradykinin and LHRH peptide (RT 0.88 min; 
Figure 4.6a). The extracted mass spectrum underneath the peak showed that singly and 
multiply charged peptide ions from both peptides could be observed (Figure 4.6b). In 
source fragmentation of the co-eluting peptides resulted in a complex LC-in-source CID-
MS spectrum (Figure 4.6c).  
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Figure 4.6 LC-MS and LC-FISCID-MS analysis of a peptide mixture, (a) TIC of peptide mixture, (b) mass spectrum of LC peak 
at ~0.9 min without FAIMS selection or in-source CID and (c) in-source CID-MS (fragmentor voltage 350 V) product ion 
spectrum without FAIMS pre-selection
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A CV scan was performed to determine the optimal CV for the transmission of each 
peptide. The [M+2H]
2+ 
ions of LHRH and bradykinin were observed at a different optimal 
CV for transmission, 1.8 V and 2.5 V, respectively, suggesting each [M+2H]
2+ 
could be 
preferentially transmitted in the presence of the other (Figure 4.7). 
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Figure 4.7. LC-FAIMS-MS CV spectrum of [M+2H]
2+
 ions of LHRH and bradykinin 
 
The transmission of the [M+2H]
2+
 ion of LHRH peptide from the co-eluting LC peak at the 
expense of the singly charged species, in addition to the ions associated with the other co-
eluting peptide, was achieved by applying a CV of +1.8 to +1.9 V (Figure 4.8a). The LC-in-
source CID-MS spectrum of the co-eluting peptides without FAIMS separation was 
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simplified by FAIMS pre-selection of the LHRH [M+2H]
2+
 ion, enhancing the detection of 
the characteristic product ions of LHRH (Figure 4.8b).  
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Figure 4.8. LC-FAIMS-MS and LC-FISCID-MS analysis of a peptide mixture, (a) FAIMS 
pre-selection of LHRH [M+2H]
2+
 ion from co-eluting peptides (CV = +1.8 to +1.9 V) and 
(b) FISCID-MS product ion spectrum (CV = +1.8 to +1.9 V, fragmentor voltage 350 V) of 
FAIMS-selected LHRH [M+2H]
2+
 ion from co-eluting peptides. 
 
These results show that it is possible to transmit peptides selectively from co-eluting LC 
peaks using FAMS and subject the transmitted ions to in source CID to enhance peptide 
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identification. The next step was to investigate the application of the method to the analysis 
of peptides from a complex biological mixture where LC-in-source CID-MS analysis would 
not be adequately selective due to the abundance of co-eluting peptides. 
 
 
4.4.3  LC-FISCID-MS analysis of tryptic peptides from plasma 
 
The LC-FISCID-MS method was then applied to the analysis of a complex mixture of 
tryptic peptides derived from human plasma proteins by protein precipitation with 
acetonitrile and tryptic digestion. The plasma tryptic digest was analysed initially using LC-
MS without FAIMS separation or in-source fragmentation. This produced the complex TIC 
shown in Figure 4.9a. The complex nature of the sample resulted in the co-elution of 
several tryptic peptides, even after LC separation. One such example was the m/z 480.7889 
ion, observed at a retention time of 3.5 minutes. The selected ion chromatograms obtained 
in the retention time range 3.4-3.6 min without FAIMS-selection shows overlap with other 
co-eluting peptide ions (Figure 4.9b). This can be seen on the corresponding mass spectrum 
(Figure 4.10a) averaged across the m/z 480 LC peak at half height (3.48-3.58 min). The 
mass spectrum acquired with the FAIMS programmed to +2.5 to +2.6 V, which resulted in 
the transmission of the m/z 480 peptide ion, is shown in Figure 4.8b. The use of FAIMS to 
pre-select the m/z 480 results in a spectrum where the co-eluting m/z 564, m/z 707 and other 
ions are filtered out, with the m/z 480 ion preferentially transmitted, giving a simpler mass 
spectrum (Figure 4.10b). In order to evaluate whether spectral quality could be enhanced by 
FAIMS-selected ion transmission prior to in-source CID, the peptides were subjected to a 
fragmentor voltage of 340 V to induce fragmentation of the co-eluting peptides from the 
LC-MS analysis both without and with a FAIMS separation step post LC separation. 
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Figure 4.9. LC-MS analysis of human plasma tryptic digest (a) TIC, (b) selected ion chromatograms at 3.4-3.6 mins.
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(a)
(b)
(c)
(d)
 
Figure 4.10. (a) LC-MS spectrum of peaks at 3.52 min without FAIMS separation, (d) LC-
FAIMS-MS spectrum with FAIMS selection of the m/z 480 ion (CV of +2.5 to +2.6 V), (e) 
LC-in-source CID-MS spectrum without FAIMS selection and (f) LC-FISCID-MS 
spectrum with FAIMS selection of the m/z 480 ion and in-source CID (CV +2.5 to +2.6 V, 
fragmentor voltage 340 V). 
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A complex product ion spectrum was obtained without FAIMS selection (Figure 4.10c), 
compared to the product ion mass spectrum observed using LC-FISCID-MS with FAIMS 
selection at a CV of +2.5 to +2.6 V (Figure 4.10d). A clear difference in fragmentation 
mass spectra was observed, with the LC-FISCID-MS spectrum obtained using a CV of +2.5 
to +2.6 V (Figure 4.10d) being greatly simplified, containing predominantly fragment ions 
associated with the selected precursor ion.  
 
Interpretation of these fragment ions can facilitate the identification of the unknown 
selected precursor ion based on interpretation of the sequence related ions. The selected 
precursor ion is a doubly charged species, m/z 480, indicating that the molecular weight of 
the peptide is 959 Da (480*2-2). The presence of the m/z 175 peak shows the presence of 
arginine at the c-terminus of the peptide, the y1 ion. From this, the remaining y series was 
calculated as ?Q(/K)NAL(/I)L(/I)VR, with the final amino acid unknown (Table 4.2). This 
can be calculated based on the mass difference between the [M+H]
+
 ion and the y7 
fragment ion. [M+H]
+ 
- 813 = 147, meaning the final amino acid in the sequence is 
phenylalanine (F). The total sequence is consequently FQ(/K)NAL(/I)L(/I)VR, based on 
spectral interpretation. 
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Table 4.2 
 
 
y2 y3 y4 y5 y6 y7 
Gly G 232 331 444 557 628 742 
Ala A 246 345 458 571 642 756 
Ser S 262 361 474 587 658 772 
Pro P 272 371 484 597 668 782 
Val V 274 373 486 599 670 784 
Thr T 276 375 488 601 672 786 
Cys C 278 377 490 603 674 788 
Ile I 288 387 500 613 684 798 
Leu 288 387 500 613 684 798 
Asn N 289 388 501 614 685 799 
Asp D 290 389 502 615 686 800 
Gln Q 303 402 515 628 699 813 
Lys K 303 402 515 628 699 813 
Glu E 304 403 516 629 700 814 
Met M 306 405 518 631 702 816 
His H 312 411 524 637 708 822 
Phe F 322 421 534 647 718 832 
Arg R 331 430 543 656 727 841 
Tyr Y 338 437 550 663 734 848 
Trp W 361 460 573 686 757 871 
 
 
 
A second example of the ability of the FAIMS ion selection approach to enhance a LC-in-
source-CID-MS data is by the selective transmission of a selected peptide shown in Figure 
4.9a, from the LC peak at 4.18 min. The LC-MS analysis shows the presence of three ions 
with the base peak at m/z 547 (Figure 4.11a). By application of a +2.5 to +2.6 V CV the m/z 
547 ion was transmitted selectively at the expense of the m/z 820 ion (Figure 4.11b). This 
resulted in an interesting observation when the LC-CID-MS data were compared. With no 
FAIMS selection, prior to fragmentation, several ions are observed (Figure 4.12a). The base 
peak in the spectrum is the m/z 820 ion, which does not appear to readily fragment. 
However, using a +2.5 to +2.6 V CV, the m/z 820 could be filtered out, prior to 
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fragmentation. This resulted in a much greater prominence of fragmentation ions associated 
with m/z 547, which were previously masked by the dominant m/z 820 species (Figure 
4.12b).  
 
The selected precursor ion, m/z 547, is triply charged, indicating that the molecular weight 
of the peptide is 1639 Da (547*3-2). The presence of the m/z 175 peak again shows 
arginine as the y1 ion, at the c-terminus of the peptide. The amino acid  series was then 
calculated as ?Q(/K)NAL(/I)L(/I)VR (Table 4.3). The next amino acid cannot be calculated 
based on the final y ion as it is out of the mass range of the mass spectrometer. It can, 
however, be calculated based on the b ion series. It is possible to work out the 
corresponding b ion for a given y ion based on the following formula: 
 
b = (M+H)
+
 - y +1    Equation 4.1 
 
 
The b13 ion can, therefore, be calculated as [M+H]
+
-1412 = 228.  The amino acid 
combinations that result in this mass are VE, PM, NN and DL/I. It has already been 
established that the 13
th
 amino acid in the sequence is methionine, based on the y13 ion. It 
can consequently be concluded that proline is the final amino acid in the sequence. The 
complete peptide sequence is therefore PMQ/KVSTPTL/IVEVSR. 
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Figure 4.11. LC-MS and LC-FISCID-MS analysis of human plasma tryptic digest (a) LC-MS spectrum of peaks at 4.18 min without FAIMS 
separation, (b) LC-FAIMS-MS spectrum with FAIMS selection of the m/z 547 ion (CV of +2.5 to +2.6 V).
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Figure 4.12. (a) LC-in-source CID-MS spectrum without FAIMS selection and (b) LC-FISCID-MS spectrum with FAIMS selection of the 
m/z 5 7 ion and in-source CID (CV + .5 to +2 6 V, fragmentor voltage 340 V). 
(a) 
 
(b) 
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Table 4.3 
 
 
y2 y3 y4 y5 y6 y7 y8 y9 y10 y11 y12 y13 
Gly G 232 319 418 547 646 759 860 957 1058 1145 1244 1372 
Ala A 246 333 432 561 660 773 874 971 1072 1159 1258 1386 
Ser S 262 349 448 577 676 789 890 987 1088 1175 1274 1402 
Pro P 272.1 359.1 458.1 587.1 686.1 799.1 900.1 997.1 1098.1 1185.1 1284.1 1412.1 
Val V 274.1 361.1 460.1 589.1 688.1 801.1 902.1 999.1 1100.1 1187.1 1286.1 1414.1 
Thr T 276 363 462 591 690 803 904 1001 1102 1189 1288 1416 
Cys C 278 365 464 593 692 805 906 1003 1104 1191 1290 1418 
Ile I 288.1 375.1 474.1 603.1 702.1 815.1 916.1 1013.1 1114.1 1201.1 1300.1 1428.1 
Leu 288.1 375.1 474.1 603.1 702.1 815.1 916.1 1013.1 1114.1 1201.1 1300.1 1428.1 
Asn N 289 376 475 604 703 816 917 1014 1115 1202 1301 1429 
Asp D 290 377 476 605 704 817 918 1015 1116 1203 1302 1430 
Gln Q 303.1 390.1 489.1 618.1 717.1 830.1 931.1 1028.1 1129.1 1216.1 1315.1 1443.1 
Lys K 303.1 390.1 489.1 618.1 717.1 830.1 931.1 1028.1 1129.1 1216.1 1315.1 1443.1 
Glu E 304 391 490 619 718 831 932 1029 1130 1217 1316 1444 
Met M 306 393 492 621 720 833 934 1031 1132 1219 1318 1446 
His H 312.1 399.1 498.1 627.1 726.1 839.1 940.1 1037.1 1138.1 1225.1 1324.1 1452.1 
Phe F 322.1 409.1 508.1 637.1 736.1 849.1 950.1 1047.1 1148.1 1235.1 1334.1 1462.1 
Arg R 331.1 418.1 517.1 646.1 745.1 858.1 959.1 1056.1 1157.1 1244.1 1343.1 1471.1 
Tyr Y 338.1 425.1 524.1 653.1 752.1 865.1 966.1 1063.1 1164.1 1251.1 1350.1 1478.1 
Trp W 361.1 448.1 547.1 676.1 775.1 888.1 989.1 1086.1 1187.1 1274.1 1373.1 1501.1 
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Peptide identification was also carried out on the m/z 480 ion via the MASCOT search 
engine [15] and all ions with intensities greater than 10% of the base peak were selected in 
the peak list generated by the TOF-MS software for the data obtained both with and without 
FAIMS filtering. The peak list was searched against the SwissProt protein database. In the 
absence of a FAIMS separation, the LC-CID-MS method yielded no significant hits on the 
database for m/z 480, and therefore no protein was identified. However, with the CV set to 
+2.5 to +2.6 V, human serum albumin (HSA) was identified as the top hit, the only 
significant match, with a confidence score of 34 (where 27 or above was deemed 
statistically significant at a 95% confidence interval), based on the fragmentation of the 
doubly charged FQNALLVR tryptic fragment (m/z 480.7854) (Figure 4.13). It has been 
shown [16] that the acetonitrile protein precipitation depletes HSA in the plasma by at least 
99.6%, making HSA derived peptides less than 0.4% abundant in the tryptic digest. 
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Figure 4.13. Mascot score histograms (a) without FAIMS selection of precursor ion and (b) with FAIMS selection of precursor 
ion
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4.4.4 Quantitative LC-FISCID-MS peptide analysis 
 
The quantitative characteristics of LC-FISCID-MS were evaluated for the determination of 
a peptide spiked into human plasma. The peptide gramicidin S was chosen as a test 
compound, as it is not present in plasma and is therefore unaffected by natural fluctuations 
in abundance between plasma samples. Gramicidin S was first infused directly and a scan 
of the CV range was performed to determine the optimum CV for transmission (Figure 
4.14). 
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Figure 4.14. FAIMS-MS CV spectrum of [M+2H]
2+
 ions of Gramicidin S showing the 
optimum CV for transmission around +1.8 V. 
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A reproducibility study was then performed using aliquots of human plasma tryptic digest 
spiked with 9 ng on column mass (0.45 µg/mL) of gramicidin S to determine the stability of 
LC-FISCID-MS for replicate injections of plasma. The % relative standard deviation 
(%RSD) for the peak area of the FAIMS-selected (CV +1.75 to +1.85 V) [M+2H]
2+
 
precursor ion (m/z 571) without in-source fragmentation was 5.1% (n=6). LC-FISCID-MS 
peak area precision for the fragment ions at m/z 311, m/z 424, m/z 685 and m/z 798, 
generated by in-source fragmentation of the FAIMS-selected m/z 571 precursor ion gave 
%RSDs (n=6) of 13.3 %, 14.6 %, 13.1 % and 8.2 % respectively, demonstrating good 
reproducibility of LC-FISCID-MS for quantitative measurement at this concentration.  
 
A series of plasma samples spiked with 0.45-45 μg/mL of Gramicidin S were analysed 
using the LC-FAIMS-MS and LC-FISCID-MS methods.  Calibration graphs for the LC-
FAIMS-MS analysis of the gramicidin precursor ion (m/z 571) and the LC-FISCID-MS 
analysis of the four product ions m/z 311, 424, 685 and 798) were prepared by spiking the 
plasma tryptic digest with different concentrations of gramicidin S and the peak areas 
extracted (Figure 4.15). 
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Figure 4.15. LC-FISCID-MS chromatogram of m/z 311.2153 fragment ion from 0.9 μg/mL 
Gramicidin S. 
 
A linear response (R
2
 > 0.99) was observed in the range 0.45-9.0 µg/mL for the precursor 
ion and all four product ions (Figure 4.16) with higher concentrations appearing to be 
outside the dynamic range of the hyphenated system. The enhanced selectivity, 
reproducibility and linear response to the spiked peptide in the plasma extract suggest that 
LC-FISCID-MS has the potential to offer significant benefits compared to the use of a 
single mass analyser. This approach may also be an alternative to LC-MS/MS with SRM 
for quantitative analysis, whilst still being able to perform qualitative structural 
characterisation and elemental formulae analyses in the same experiment [17, 18].
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 Figure 4.16. Calibration graphs for the quantitative LC-FISCID-MS analysis of the FAIMS- selected (CV +1.75 to +1.85 V) 
[M+2H]
2+
 precursor ion (m/z 571) and four product ions (m/z 311, 424, 685 and 798) of gramicidin S spiked in human plasma 
tryptic digest.
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CHAPTER FIVE 
Conclusions and further work 
 161 
 
5.1 Thesis overview 
 
The studies described in this thesis apply field asymmetric waveform ion mobility 
spectrometry-mass spectrometry (FAIMS-MS) methods to peptide and protein analysis. 
Individual chapters are summarised in the following sections and details given as to how 
experiments could be developed by further work. 
 
 
5.2.1 Summary of chapter one 
 
Chapter 1 covers the theoretical background to the ion mobility and FAIMS techniques and 
the mass spectrometric and chromatographic techniques used in the reported studies. The 
chapter also provides a review of the applications of FAIMS, particularly in the field of 
analysis of peptides and proteins by FAIMS-MS. This latter section has been accepted for 
publication as a review in Current Analytical Chemistry. 
 
 
5.2.2 Summary of chapter two and further work 
 
In Chapter 2, the hyphenation of a miniaturised FAIMS device to ion trap and time-of-flight 
mass spectrometers is described and is demonstrated to yield improvements in peptide 
analysis for proteomics experiments. The combined techniques allow peptide responses to be 
identified with an overall reduction of background noise. The suppression of spectral 
interferences results in an overall simplification of the resulting mass spectra. In addition, 
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the FAIMS-MS method was shown to yield improvements compared to conventional 
peptide and protein identification methods via database searching in the following ways: 
 
o The ESI-FAIMS-MS method was applied to the charge state analysis of peptide 
standards. The separation of singly and doubly charged peptide ions has been 
demonstrated, with multiply charged species requiring a higher CV for transmission.  
 
o The small CV window for the transmission of singly charged ions resulted in the 
successful generation of pseudo-PMF data by FAIMS-MS, permitting confident 
protein identification using ESI sample introduction as an alternative to MALDI-
TOF-MS methods. 
 
o Peptide ions with the same 2+ charge state but different amino acid sequences and 
different m/z were separated on the basis of their differential ion mobility under the 
appropriate dispersion field conditions prior to tandem mass spectrometry.  
 
o The use of FAIMS for MS/MS analysis has dual benefit. Identifying the CV required 
for the transmission of a selected peptide ion could facilitate accurate precursor ion 
selection. Alternatively, the CV could be used to select the pre-cursor ion prior to 
data-dependent scanning of a complex mixture, allowing the targeting of lower level 
peptide ions of interest. 
 
o In addition, the separation of gas phase conformers has been observed, with results 
comparable to those generated on commercially available FAIMS and drift tube IMS 
systems.  
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This isolation of doubly charged species from more complex samples was investigated 
within Chapter 4, developing the method established in Chapter 2. Another potential way of 
developing the work reported in Chapter 2 would be the selection of a lower intensity 
peptide ion at the expense of the more abundant species to aid data dependent scanning. In 
addition, it would be interesting to see how the method manages with other complex samples 
where doubly charged peptides are present. From the data presented here, some doubly 
charged peptides are resolved from one another whilst others overlap, something that is more 
likely where the presence of multiple conformers increase the CV dispersion of a particular 
peptide. The research reported here could be extended to an investigation of the effect of 
multiple conformers on peptide selectivity. This would mean adjustments to the method to 
apply the CV that gives the optimal separation rather than best transmission would be 
needed. Alternatively, the use of drift gas mixtures or dopants, an established means of 
improving the resolution in FAIMS and drift tube IMS [1, 2], could be investigated.  
 
AAG was selected as a test analyte in the work reported in this thesis due to its relevance as 
a biomarker of disease [3]. A further way to develop the reported studies would be to 
investigate the application of the FAIMS-MS method to the quantitative analysis of AAG 
proteolytic peptides in plasma samples collected from melanoma patients at Stages I-IV. 
 
 
5.2.3  Summary of chapter three and further work 
 
Chapter 3 addresses the use of the miniaturised FAIMS device in combination with time-of-
flight (ToF) mass spectrometry for the analysis of intact proteins. The separation of protein 
ions extended the use of the miniaturised FAIMS device beyond the analysis of small 
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molecules to the study of macromolecules. The FAIMS-MS method was applied to the 
analysis of proteins in the following ways: 
 
o Multiple charge states of intact proteins were separated on the basis of differences in 
differential mobility. Higher charge states were found to be transmitted at similar 
CVs suggesting that the miniaturised FAIMS device was separating ions on the basis 
of 3D structure; higher charge states are likely to be unfolded and therefore more 
similarities in structure than lower charge states.  
 
o Results compared favourably with results from other FAIMS systems reported in the 
literature and the structural analysis of proteins by drift tube ion mobility 
spectrometry. 
 
o Several species could be observed at the same m/z suggesting the presence of 
different protein conformers. This suggested that neither mass, nor charge, was the 
primary contributor for dictating an ion’s CV as a wide spread of CVs was observed 
for ions of the same mass and charge. This added weight to the argument that the 
miniaturised FAIMS separated ions based on differences in 3D structure. 
 
o An interesting observation was that ions of higher m/z ratio suffered fewer ion losses, 
and indeed enhanced transmission in the case of the highest molecular weight 
proteins, when analysed by the FAIMS-MS technique when compared to MS 
analysis. The hyphenated technique could therefore offer a further advantage over 
analysis by MS alone. 
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All analysis was performed with acidified solutions, shown to influence protein structure in 
solution. It would be important to repeat the study described in this chapter to allow the 
analysis of protein structures in their native forms under physiological conditions. 
 
Many protein conformations were only partially resolved, whilst previous analysis of the 
same proteins by other techniques suggested the presence of unresolved conformations was a 
distinct possibility. A means of improving the resolution would be advantageous for this 
type of study. One approach would be the use of different drift gases, previously shown to 
improve the resolution in proteins [4], peptides [5, 6] and phosphopeptides [7]. The use of 
drift gas modifiers [8] is an alternative method of altering the differential mobility ions and 
could be an interesting area of investigation as this type of experiment has not previously 
been applied to the analysis of intact proteins. 
 
The ability of the miniaturised FAIMS to distinguish between folded and unfolded protein 
structures as a function of charge state could open up possibilities for the application of the 
technique to the study of partially folded and unfolded proteins under different experimental 
conditions. This should be investigated further to determine if miniaturised FAIMS-MS 
could offer an alternative method of analysis for the study of the accumulation of mis-folded 
proteins in protein folding related diseases and the effect on biological function. 
 
 
5.2.4 Summary of chapter four and further work 
 
The potential of FAIMS pre-selection of precursor ions using a miniaturised high field 
FAIMS device followed by in-source CID-MS, termed FISCID-MS, was discussed in this 
chapter. FAIMS was combined with liquid chromatography and applied to the analysis of 
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co-eluting peptides. FAIMS ion selection greatly enhanced selectivity for qualitative and 
quantitative analysis of peptides in complex mixtures in the following ways; 
 
o Transmission of FAIMS-selected model peptides and tryptic peptides derived from 
human plasma proteins, on the basis of differential mobility facilitated peptide 
identification by increasing the relative intensity of the characteristic fragment ions 
of the selected precursor ion in the FAIMS-selected product ion spectrum.  
 
o Singly charged ions which have poor fragmentation efficiency under CID were 
filtered out using FAIMS prior to fragmentation and subsequent detection, allowing 
the enhanced detection of fragment ions of interest. The simplified product ion 
spectra obtained via LC-FISCID-MS enabled the identification of plasma proteins 
via MASCOT database searching, with high confidence that could not otherwise be 
identified without FAIMS selection of the precursor ion.  
 
o The quantitative potential of LC-FISCID-MS was also demonstrated for the 
determination of a FAIMS-selected peptide in a spiked plasma tryptic digest sample, 
demonstrating good reproducibility (mean %RSD = 12%) of LC-FISCID-MS 
fragment ion peak areas with a linear (R
2
 > 0.99) response.  FISCID-MS therefore 
offers significant improvements in selectivity for analyses conducted using a high 
resolution mass spectrometry with a single ToF mass analyser, and has potential as 
an alternative to LC-MS/MS for qualitative and quantitative analysis, or for further 
enhancing selectivity using LC-FISCID-MS/MS routines. 
 
No comparisons were made between LC-FISCID-MS and traditional precursor ion selection 
in LC-MS/MS analysis in this study. It would be interesting to take the LC-FISCID-MS 
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results and compare them directly to qualitative and quantitative analysis using a traditional 
triple quad or Q-ToF method to determine comparative advantages and disadvantages 
between the two systems. 
 
A second area of further investigation would be a study of the quantitative capability of the 
LC-FISCID-MS technique to determine the full dynamic range and the limit of detection 
(LOD) and limit of quantitation (LOQ) of the hyphenated system. The determination of 
improvements to dynamic range and LOD and LOQ as a result of mass spectral 
simplification due to pre-cursor ion selection using LC-FISCID-MS rather than LC-CID-MS 
would be useful for determining whether the LC-FISCID-MS method is suitably sensitive to 
be able to detect peptides of low abundance from plasma, for example, in the analysis of 
peptides associated as biomarkers of a particular disease. This would lead to an investigation 
into whether the LC-FISCID-MS could be a viable alternative method of diagnosis of 
disease. 
 
 
5.3 Summary of thesis 
 
 
 
This thesis has sought to explain the analytical potential of novel, miniaturised ultra high 
field asymmetric waveform ion mobility-mass spectrometry instrumentation. The additional 
separation step afforded by the FAIMS device simplified peptide mixtures to increase 
selectivity. In addition, miniaturised FAIMS has enhanced sensitivity and improved the 
quality of mass spectral data by improving signal to noise ratios and has been demonstrated 
to be a suitable technique for rapid, high-throughput protein and peptide analysis. It is 
believed that FAIMS-MS methods will continue to be integral to peptide and protein 
analysis in the future. 
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Appendices 
Appendix 1: Conference presentations 
 
 Miniaturised high field asymmetric waveform ion mobility spectrometry for the 
detection of volatile and non-volatile analytes. Presented at the Royal Society of 
Chemistry Analytical Research Forum, Canterbury, 2009. (poster) 
 
 The Application of Combined High-field Asymmetric Ion Mobility Spectrometry-
Mass Spectrometry to Peptide Analysis. Presented at the 18
th
 International Mass 
Spectrometry Society Conference, Bremen, 2009. (poster) 
 
 Improvements in Peptide Detection for Proteomics Using a Combined Miniaturised 
Field Asymmetric Ion Mobility Spectrometry-Mass Spectrometry Approach. 
Presented at the 8
th
 East Midlands Proteomics Workshop, Nottingham Trent 
University, 2009. (oral) 
 
 A Combined Miniaturised Field Asymmetric Ion Mobility Spectrometry-Mass 
Spectrometry Approach to Peptide Analysis for Proteomics. Presented at the Royal 
Society of Chemistry Analytical Research Forum, Loughborough, 2010. (oral) 
 
 Analysis of Peptides and Proteins using an Ultra High Field Asymmetric Ion 
Mobility Spectrometry-Mass Spectrometry Approach. Presented at the 31
st
 3 day 
meeting of the British Mass Spectrometry Society, Cardiff, 2010. (oral) 
 
 The enhancement of proteomic analysis using an ultra-FAIMS-MS approach. 11th 
East Midlands Proteomics Workshop, November 2010, (poster)  
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 Protein ID and conformational analysis by ultra-high field asymmetric waveform ion 
mobility spectrometry-mass spectrometry. Presented at 18
th
 London Biological Mass 
Spectrometry Discussion Group, March 2011. (oral) 
 
  In-source fragmentation of FAIMS-selected ions in combination with time-of-flight 
mass spectrometry. Presented at 59
th
 conference for the American Society for Mass 
Spectrometry, June 2011. (poster). 
 
 Liquid Chromatography-Ultra High Field Asymmetric Waveform Ion Mobility 
Spectrometry-Mass Spectrometry for Peptide Analysis. Presented at the 32
nd
 3 day 
meeting of the British Mass Spectrometry Society, Cardiff, 2010. (oral)  
 
 In-source fragmentation of FAIMS-selected peptide ions combined with time-of-
fight mass spectrometry: a new approach to peptide analysis. Presented at the 12
th
 
East Midlands Proteomics Workshop, November 2011. (poster) 
 
 
Appendix 2: Peer reviewed publications 
Three journal articles were produced from this thesis. The full journal citations are shown 
below and the full published versions are shown on the following pages. 
 
 Brown, L.J., Toutoungi, D.E., Devenport, N.A., Reynolds, J.C., Kaur-Atwal, G., 
Boyle, P., Creaser, C.S., Anal Chem, 2010, 82, 9827  
 
See page 172-179 
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 Brown, L.J., Smith, R.W., Reynolds, J.C., Toutoungi, D., Bristow, A.T., Ray, A., 
Sage, A., Wilson, I.D., Weston, D.J., Boyle, P., Creaser, C.S., Anal Chem,, 2012, 84, 
4095 
 
See page 180- 188 
 
 
 Brown, L.J., Creaser, C.S., Current Analytical Chemistry, 2013, 9, 192 
See page 189-195 
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Appendix 3: Continued professional development 
 
Department Based Training. This includes external training approved by the 
Department and Vitae GRAD schools. 
Activity 
Skills 
Addressed 
(use skils 
matrix code) 
Time 
Claimed 
(days) 
Date 
Completed 
Postgraduate Research Students 
Induction 
4C 1 29/10/08 
Finding Research Information 2A 1/2 04/11/08 
Module CMP048 3A 1 30/11/09 
Teaching Skills - Preparing to Teach 
and Promoting Learning - Part A, B 
and C: Supervising Practical Activities 
3A 1.5 28/11/08 
 
Poster Competition for PGRs  
 
2D, 5E 1.5 29/04/09 
Module CMP051 3A 3 18-20/10/09 
Lab demonstrating modules CMA011 
and CMB015 
4B, 4C 6 Various 
Departmental forums and research 
group tutorials 
1A, 2D, 3C, 
4B, 4C 
1 Various 
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Other Activities. To be validated by supervisor. Refer any queries to Heather 
Dalgleish in the Graduate School. H.Y.Dalgleish@lboro.ac.uk 
Activity and Evidence of Skill 
Development: 
Skills 
Addressed 
(see skils 
matrix code) 
Time 
Claimed 
(days) 
Date 
Completed 
7
th
 East Midlands Proteomics 
Workshop 
1A, 3A, 3C, 
4C, 5B 
1 12/11/08 
Analytical Research Forum 2009 
1A, 2D, 2E, 
3A, 3C, 4A, 
4C, 5B 
3 13-15/07/09 
19
th
 International Mass Spectrometry 
Conference 
1A, 1D, 2D, 
2E, 3A, 3C, 
4A, 4C, 5B 
4 1-4/09/09 
Synapt Training Course 3A 2 4&5/08/09 
ARF 2010 
1A, 2D, 2E, 
3A, 3C, 4A, 
4B, 4C, 5B 
3 26-28/07/10 
BMSS 2010 
1A, 1D, 2D, 
2E,3A, 3C, 
4A, 4B, 4C, 
5B 
3 5-8/09/10 
Direct Analysis 2010 
1D, 3A, 3C, 
4C 
1 21/04/10 
Water corporation users meeting 
1D, 3A, 3C, 
4C 
1 22/04/10 
First aid training 3A 1 26/05/10 
ASMS 2011 
1A, 1D, 2D, 
2E, 3A, 3C, 
4A, 4C, 5B 
5 5-9/06/11 
BMSS 2011 
1A, 1D, 
2D,2E, 3A, 
3C, 4A, 4B, 
4C, 5B 
3 
11-
14/09/10 
Submission of peer reviewed papers 
1D, 1E, 2A, 
2B, 2E, 4A, 
4C 
1 various 
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Job interviews and CV preparation 3B, 4B, 4C 1 various 
8
th
 East Midlands proteomics workshop 
1A, 
2D,2E,3A, 
3C, 4A, 4B, 
4C 
1 11/11/09 
University interdepartmental 
conferences 
1A, 2D, 3A, 
3C, 4A, 4C 
2 various 
18
th
 London biological mass spec 
discussion group 
1A, 2D, 2E, 
3A,3C, 4A, 
4B, 4C, 5B 
1 31/03/2011 
9
th
 East Midlands proteomics workshop 
1A, 2D,2E, 
3A, 3C, 4A, 
4B, 4C 
1 3/11/10 
10
th
 East Midlands proteomics 
workshop 
1A, 2D,2E, 
3A, 3C, 4A, 
4C 
1 2/11/11 
    
  
Days 
 
Department Based Training 11 
 
Graduate School Courses (data from staff development 
website "view your activities" 
https://pdwww.lboro.ac.uk/myrecord.asp) 
4.5 
 
Other Activities 34 
 
Total Training Days 49.5 
 
    
 
 
